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Resumo 
Como forma de diminuir o uso de tecnologias que empregam matéria-prima de origem fóssil, 
muitas pesquisas vêm sendo desenvolvidas para o estabelecimento do uso de energias 
renováveis, através de biorrefinarias. A principal matéria-prima empregada em biorrefinarias 
é a biomassa lignocelulósica, a qual pode ser convertida em produtos de valor agregado via 
fermentação microbiana ou processos químicos. As enzimas capazes de clivar a complexa 
rede de polissacarídeos que compõem a estrutura da parede celular de plantas, bem como 
aquelas associadas à biossíntese e ao metabolismo de carboidratos são chamadas de 
Carbohydrate-Active Enzymes (CAZymes), comumente produzidas por uma gama de 
organismos, tais como bactérias, fungos e plantas. Dentre os organismos produtores, descritos 
na literatura, os fungos filamentosos se destacam na produção e secreção de enzimas 
lignocelulolíticas de forma homóloga e heteróloga. Neste contexto, basidiomicetos 
apresentam um arsenal enzimático variado devido aos diversos papéis ecológicos que 
empregam na natureza. Sendo assim, o objetivo deste trabalho foi avaliar em termos de 
CAZymes o arsenal enzimático dos basidiomicetos Laetiporus sulphureus (podridão 
marrom), Pycnoporus coccineus (podridão branca) e Trametes versicolor (podridão branca), a 
fim de buscar novas enzimas alvos que possam contribuir na conversão enzimática da 
lignocelulose. Os secretomas submetidos a cultivo submerso contendo celulose 
microcristalina (Avicel®), glicose e resíduo de Eucalyptus grandis, bagaço de cana-de-açúcar 
(SCB) e palha de cana-de-açúcar (SCS) pré-tratados por explosão a vapor, sofreram análises 
por espectrometria de massas (LC-MS/MS). A maior variedade de proteínas foi verificada nos 
secretomas de T. versicolor (206 proteínas), seguido por P. coccineus (163 proteínas) e L. 
sulphureus (121 proteínas). Entre as enzimas encontradas, destaca-se a presença de 8 LPMOs 
nos secretomas dos basidiomicetos de podridão branca, 5 em T. versicolor e 3 em P. cocineus. 
Ressalta-se que outras análises foram realizadas como a atividade dos secretomas em 
diferentes substratos sintéticos e as análises de consumo de glicose e crescimento em 
diferentes mono e dissacarídeos. Por fim, um ensaio de sacarificação em função do tempo foi 
realizado utilizando SCB suplementado com o secretoma que obteve maior secreção de 
enzimas para cada fungo respectivamente. 




In order to reduce the use of technologies that use raw materials of fossil origin, many 
researches have been developed to establish the use of renewable energy through 
biorefineries. The main raw material used in biorefineries is lignocellulosic biomass, which 
can be converted into value-added products via microbial fermentation or chemical processes. 
The enzymes capable of cleaving the complex network of polysaccharides that make up the 
cell wall structure of plants, as well as those associated with biosynthesis and carbohydrate 
metabolism are called Carbohydrate-Active Enzymes (CAZymes), commonly produced by a 
range of organisms, such as bacteria, fungi and plants. Among the producing organisms 
described in the literature, filamentous fungi stand out in the production and secretion of 
lignocellulolytic enzymes in a homologous and heterologous form. In this context, 
basidiomycetes present a varied enzymatic arsenal due to the diverse ecological roles they use 
in nature. The objective of this work was to evaluate the enzymatic arsenal of the 
basidiomycetes Laetiporus sulphureus (brown rot), Pycnoporus coccineus (white rot) and 
Trametes versicolor (white rot) in order to search for new target enzymes that may contribute 
to lignocellulose enzymatic conversion. The secretomes grown on submerged cultivation 
containing microcrystalline cellulose (Avicel®), glucose and Eucalyptus grandis residue, 
sugarcane bagasse (SCB) and sugarcane straw (SCS) pretreated by steam explosion, 
performed mass spectrometric analyzes (LC-MS/MS). The largest variety of proteins were 
found on the T. versicolor secretomes (206 proteins), followed by P. coccineus (163 proteins) 
and L. sulphureus (121 proteins). Among the enzymes the presence of 8 LPMOs in the white 
rot basidiomycetes secretomes, 5 in T. versicolor and 3 in P. cocineus are remarkable. 
Noteworthy that other analyzes were performed, as the secretomes activity in different 
synthetic substrates and the analyzes of glucose consumption and growth in different mono 
and disaccharides. Finally, a saccharification as a function of time assay was performed using 
SCB supplemented with the secretome which obtained higher secretion of enzymes for each 
fungus respectively. 
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Capítulo 1. Revisão bibliográfica 
1.1 Visão geral sobre bioenergia e biorrefinarias 
A instabilidade ligada às recentes incertezas em relação ao preço do petróleo, bem 
como as mudanças climáticas que levaram à criação de tratados internacionais como o 
Protocolo de Kyoto e a Agenda 21, corroboram para uma intensa busca por fontes de energias 
renováveis. Dessa maneira, em prol de um modelo econômico sustentável, uma vertente 
alternativa aos combustíveis fósseis vem crescendo nos últimos anos (NIZAMI et al., 2017; 
PANDEY et al., 2000). 
Várias tecnologias vêm sendo desenvolvidas com o objetivo de tornar competitivo 
o uso dessas fontes alternativas no mercado global (HIMMEL et al., 2007). Neste sentido, o 
conceito de biorrefinaria vêm sendo utilizado como modelo de (re)aproveitamento de diversos 
resíduos gerados a partir de biomassas vegetais. Define-se como biorrefinaria o processo 
capaz de utilizar como matéria-prima diferentes resíduos lignocelulósicos (gerados a partir da 
atividade agrícola e agroindustrial, além dos resíduos urbanos) para a obtenção de blocos 
químicos. Tal termo é uma analogia ao conceito clássico de refinaria, empregado para 
designar os processos de produção de combustíveis e derivados de petróleo (CHOI et al., 
2015; TURNER; MAMO; KARLSSON, 2007). Na Figura 1, há exemplos da diversidade de 
produtos intermediários que podem ser produzidos a partir de biomassa lignocelulósica e, 
posteriormente, convertidos em compostos de alto valor agregado (commodities) como etanol, 
hidrocarbonetos, detergentes, surfactantes, ácidos em geral e outros (MENON; RAO, 2012). 
O desenvolvimento de biorrefinarias tem, portanto, dois objetivos centrais: o deslocamento do 
uso do petróleo a favor de matérias-primas renováveis (meta energética) e o estabelecimento 
de uma indústria de base biotecnológica forte (meta econômica) (BOZELL; PETERSEN, 
2010; NIZAMI et al., 2017; TURNER; MAMO; KARLSSON, 2007). De acordo com estudos 
da IEA (International Energy Agency) estima-se que até 2030, 25% dos resíduos produzidos 
mundialmente serão designados à produção de biocombustíveis, representando 395 e 554 






Figura 1. Diversidade de biorrefinarias, suas propriedades e os produtos gerados de acordo 
com as características da biomassa utilizada (Imagem adaptada de NIZAMI et al., 2017). 
1.2 Composição das principais biomassas utilizadas em biorrefinarias 
As células vegetais são envolvidas por uma complexa parede composta 
principalmente por polissacarídeos tais como celulose, hemicelulose e pectina. Na parede 
secundária, a pectina é substituída por lignina, uma macromolécula de composição fenólica 
que confere rigidez e hidrofobicidade (CARPITA, 2012). A estrutura química dos principais 
componentes bem como a forma como estão organizados na parede celular vegetal está 
demonstrada na Figura 2.  
 
 






A parede celular vegetal é chamada de primária ou secundária, de acordo com a 
idade e/ou órgão da planta na qual se localiza. No geral, a parede celular não só fortalece a 
célula vegetal como também tem papéis fundamentais no crescimento, diferenciação celular, 
comunicação intercelular, movimento e defesa (MARTINEZ et al., 2009). 
Os polímeros de glicose (celulose) associam-se para formar fibras insolúveis, que 
deixam as ligações glicosídicas refratárias à desconstrução. Os polímeros de glicose são 
homogêneos e são classificados como amorfos ou cristalinos (DE SOUZA, et al., 2013; 
MENON; RAO, 2012). As hemiceluloses, por sua vez, são constituídas por polímeros 
heterogêneos de pentoses (xilose e arabinose), hexoses (manose, glicose e galactose), ácidos 
de açúcar e grupos acetil. Sendo assim, diferentemente da celulose, a hemicelulose não é 
homogênea e tampouco cristalina (DE SOUZA, et al., 2013). 
A composição hemicelulolítica é bastante variável (Figura 3). Comparações entre 
angiospermas e gimnospermas indicam diferenças entre as hemiceluloses constituintes. Nas 
angiospermas por exemplo, há predominância de xilana, enquanto, nas gimnospermas há mais 
glicomananas. Xilanas de gramíneas (por exemplo cana-de-açúcar) e cereais, tanto de fibra 
longa quanto curta, também possuem composições distintas (SAHA, 2003). Esse xilana 
também contêm diferentes açúcares, entre eles galactose, ácido glucurônico ou o seu éter, o 4-
O metil, bem como outras moléculas, tais como o ácido acético, ferúlico e cumárico. A 
frequência desses sacarídeos e de outras moléculas, dependem da fonte do xilana 





Figura 3. Composição química da parede celular vegetal (celulose, hemicelulose e lignina) e 
composição hemicelulósica de diferentes biomassas vegetais atualmente utilizadas como 
matérias-primas em biorrefinarias (Imagem extraída e adaptada de PAULY; KEEGSTRA, 
2008). 
1.3 A importância de enzimas em biorrefinarias 
A modificação/desconstrução da parede celular vegetal requer diversas enzimas 
ativas em carboidratos, as quais são denominadas CAZymes. Essas enzimas são agrupadas em 
classes e famílias, de acordo com a sequência de aminoácidos e a similaridade estrutural, na 
base de dados CAZy (http://www.cazy.org). Essas enzimas são organizadas em cinco classes: 
glicosil hidrolases (GH), carboidrato esterases (CEs), polissacarídeo liases (PLs), 
glicosiltransferases (GT) e atividades auxiliares (AA). Além das classes há também o grupo 
dos módulos de ligação a carboidratos (CBM). 
O grupo das GH é o mais representativo dentre as CAZymes, correspondendo a 
cerca de 47% do total. Essas enzimas são responsáveis pela quebra e/ou transglicosilação de 




açúcares para vários receptores é promovida pelas GTs. As PLs clivam ligações glicosídicas 
através de um mecanismo conhecido como β-eliminação, enquanto CEs quebram ligações 
ésteres presentes em carboidratos. As AAs, classe mais recentemente adicionada, possuem 
atividades do tipo redox e atuam em conjunto com enzimas de outras classes. Os CBM, por 
sua vez, são domínios não catalíticos, com a função de facilitar as CAZymes na adsorção á 
regiões específicas dos polissacarídeos, possibilitando, assim, uma atuação mais eficiente das 
enzimas (CANTAREL et al., 2009). 
Dentre as enzimas da classe AA, destacam-se as monooxigenases líticas de 
polissacarídeos (lytic polysaccharide monooxygenases- LPMOs), as quais vêm sendo muito 
estudadas atualmente pelo papel importante na desconstrução de polímeros vegetais via 
mecanismo oxidativo. Este mecanismo, através de uma fonte exógena de elétrons, emprega 
íons cobre na ativação de oxigênio para ruptura das ligações glicosídicas (exclusivamente β-
1,4 em AA pertencentes à família 9) entre os polissacarídeos, originando assim 
oligossacarídeos oxidados (TANDRUP et al., 2018). O carbono oxidado pode situar-se em 
diferentes posições na cadeia de glicana, variando de acordo com a regioseletividade das 
LPMOs atuantes. A regioseletividade classifica-as em diferentes grupos, por exemplo, aquelas 
agrupadas de acordo com capacidade de oxidar apenas carbono 1 (C1), outro grupo capaz de 
oxidar apenas C4 e um terceiro e último grupo capaz de oxidar ambos, C1 e C4 (CHEN, 
CHEN et al., 2018; CHEN, JINYIN et al., 2019; JAGADEESWARAN et al., 2016).  
 
 
Figura 4. Mecanismo de ação de monooxigenases líticas de polissacarídeos (LPMOs). As 
reações com LPMOs são iniciadas com a redução de Cu (II) (esfera amarela) para Cu (I) 
(esfera azul) e formação de peróxido. Sabe-se que as LPMO da família AA9 degradam 
diferentes polissacarídeos de glicose, oxidando as cadeias no carbono na posição 1 ou 4 ou em 





Atuando sinergicamente, as CAZymes constituem um “coquetel” eficiente para 
desconstrução da parede celular vegetal, destacando: 1) endo-β-1,4-glucanases que clivam 
aleatoriamente ligações glicosídicas de celulose; 2) celobiohidrolases que removem celobiose 
(dímeros de glicose) a partir das extremidades redutora e não-redutora da celulose; 3) β-
glicosidases, que hidrolisams celobiose produzindo glicose; 4) endo-β-1,4-xilanases, que 
clivam o xilana da hemicelulose (produzindo xilooligômeros); 5) pectinasess (ou pectato 
liases), para clivar as inter-ligações de pectina; 6) ligninases (ex. lacases) e enzimas com 
atividades auxiliares, que atuam sobre a lignina e/ou que auxiliam as demais na degradação de 
diversos polímeros. O esquema mostrando a ação de algumas das diferentes classes 
enzimáticas sobre a biomassa lignocelulósica e os produtos originados em cada etapa da 
desconstrução está apresentado na Figura 5.  
 
 
Figura 5. Esquema representando os principais polímeros que constituem a biomassa vegetal, 
enzimas envolvidas na desconstrução e os produtos gerados em cada etapa de degradação 
lignocelulolítica (Imagem adaptada de (CHAMPREDA et al., 2019). 
 
A degradação da parede celular vegetal, ocorrendo a partir da quebra dos 
principais polissacarídeos (celulose e hemicelulose) é crucial para obtenção de açúcares 




degradação eficiente da biomassa vegetal por via enzimática, inicialmente é necessário 
superar a barreira representada pela recalcitrância intrínseca. A recalcitrância faz com que a 
degradação da matéria-prima tenha uma cinética de desconstrução relativamente lenta e que, 
consequentemente, o rendimento em termos de açúcares liberados seja baixo (HIMMEL et 
al., 2007). Essa limitante é amenizada através da submissão da biomassa à uma etapa de pré-
tratamento (Figura 6) para tornar as fibras de celulose e hemicelulose acessíveis à ação 
enzimática (CANILHA et al., 2012). 
 
 
Figura 6. Esquema representando o processo de pré-tratamento de materiais lignocelulósicos. 
A fibra, antes do pré-tratamento, apresenta-se de forma estruturada e, após o tratamento, as 
ligações entre as estruturas estão modificadas ou rompidas, tornando a fibra mais acessível ao 
tratamento enzimático (Figura adaptada de PHITSUWAN et al., 2013). 
 O pré-tratamento pode ser realizado por processos químicos, físicos e/ou biológico 
(ação microbiana ou enzimática) ou ainda por combinação deles (PHITSUWAN et al., 2013; 
SOCCOL et al., 2010). Comparando-se os processos descritos na literatura, a rota biológica 
apresenta-se como uma alternativa mais branda, em virtude da especificidade e da 
possibilidade de rendimentos elevados, sob condições químicas amenas (MENON; RAO, 
2012; ZHANG, MENGMENG et al., 2012). Além da especificidade, o processo biológico 
também mostra-se vantajoso pois, diferentemente do processo químico, não há formação de 
subprodutos (furfurais, ácidos, compostos fenólicos, entre outros) que podem inibir 
significativamente a etapa posterior de fermentação dos monossacarídeos (ZHANG, 
MENGMENG et al., 2012). Apesar das vantagens, um dos gargalos do pré-tratamento 
biológico ainda é o baixo rendimento na produção das enzimas, agregando um custo 




da matéria-prima e o rendimento da conversão é essencial para compensar o custo de 
produção (MENON; RAO, 2012). 
1.4 Fungos como produtores de CAZymes 
 Para que ocorram melhorias na viabilidade econômica da via biológica do processo 
de desconstrução enzimática da biomassa lignocelulósica, para posterior produção de açúcares 
fermentescíveis e subprodutos, é necessário melhorar a produção e a eficiência de enzimas ou 
extratos enzimáticos. A engenharia de microrganismos tem se mostrado como uma eficiente 
ferramenta para atingir as metas propostas. Dentre todos os organismos descritos como 
produtores de enzimas, os fungos filamentosos são considerados uma alternativa como 
plataforma para produção de enzimas, uma vez que naturalmente são capazes de secretar 
diferentes tipos de enzimas para o meio extracelular. Dessa maneira, muitos estudos 
relacionados ao metabolismo desses organismos têm buscado aumento na produção e 
secreção de enzimas de interesse (NEVALAINEN; PETERSON, 2014). 
 Fungos em geral, possuem um eficiente sistema para expressão e secreção de 
proteínas homólogas e heterólogas. Muitas proteínas possuem modificações pós-traducionais 
necessárias para sua correta funcionalidade, sendo esta característica uma grande vantagem na 
utilização dos fungos como modelo de expressão e secreção de proteínas (NEVALAINEN; 
PETERSON, 2014). A secreção de proteínas é um dos mais importantes e complexos 
processos realizados por eucariotos. O estudo das proteínas secretadas ao meio extracelular 
(secretomas), bem como outras ômicas em geral, são atraentes para o avanço tanto para 
pesquisas quanto para a exploração tecnológica como um todo, contribuindo para o 
entendimento do papel dos fungos filamentosos, não só como saprófitos na natureza, mas 
também como fábricas celulares capazes de secretar quantidades consideráveis de proteínas 
(NEVALAINEN; PETERSON, 2014; OHM et al., 2014; SUZUKI et al., 2012). 
Conforme apresentado anteriormente, os fungos filamentosos são notáveis na 
secreção de metabólitos e enzimas, o que lhes concede papel relevante em biotecnologia. Eles 
também são capazes de transformar biomassa vegetal sob condições de pH e temperatura 
brandas sem requerer qualquer tratamento químico ou físico, devido aos seus mecanismos 
celulares (ADAV et al., 2012; ARCHER et al., 1994). Atualmente, as espécies de fungos 
filamentosos que mais se destacam por secretar elevadas taxas de proteínas homólogas e 




No entanto fungos pertencentes ao filo Basidiomycota colonizam e habitam uma 
ampla diversidade de materiais vegetais (florestas e terrenos agrícolas), além de 
desempenharem diversos papéis na natureza (como saprófitos, simbiontes, endófitos, parasitas 
e patógenos de planta) possuindo, portanto, uma gama de genes codificando CAZymes em 
seus genomas. Em sua maioria os basidiomicetos são eficientes na degradação da biomassa e, 
portanto, essenciais para o ciclo do carbono na natureza. Analisando-se a necessidade de 
adaptação a vários nichos naturais, o conjunto de enzimas dos basidiomicetos é abundante e 
passíveis de aplicação em diversos processos industriais e biotecnológicos (KHAN et al., 
2017; OHM et al., 2014; RYTIOJA et al., 2014; TAHERZADEH et al., 2000). Contudo, a 
lentidão do metabolismo destes fungos, tanto para crescimento quanto para secreção de 
enzimas (RYTIOJA et al., 2014), somados a conhecida eficiência na produção de enzimas por 
ascomicetos, contribuíram para a tradicional e bem estabelecida relevância industrial de 
ascomicetos como modelo de produção de enzimas e coquetéis enzimáticos (NEVALAINEN; 
PETERSON, 2014; ZUBIETA et al., 2018) ao invés de basidiomicetos. 
Os basidiomicetos são classificados como fungos de decomposição da madeira 
devido à sua capacidade única de degradação da lignocelulose, a fonte mais abundante de 
carbono terrestre. Basidiomicetos são divididos em dois grupos: fungos de podridão branca 
(white rot) e fungos da podridão marrom (brown rot), baseando-se nos padrões de decaimento 
e na modificação que causam na biomassa que decompõem. Os fungos de podridão-branca 
degradam a parede celular como um todo, i.e, celulose e hemicelulose, bem como o 
componente mais recalcitrante, a lignina. Em contraste, fungos de podridão marrom não 
apresentam essa capacidade, sendo que a lignina permanece como um resíduo modificado, 
mas não totalmente degradado (SCHWARZE, 2007; YELLE et al., 2008). A degradação por 
fungos de podridão branca deixa um aspecto branco ou amarelado, muitas vezes semelhante à 
fibra da madeira. Estes, portanto, possuem um extenso arsenal de CAZymes, permitindo que 
colonizem uma vasta gama de substratos (RYTIOJA et al., 2014). Os fungos de podridão 
marrom, por sua vez, degradam a madeira produzindo rachaduras cúbicas, as quais podem ser 
facilmente fragmentadas. Estima-se que menos de 10% de todas as espécies de basidiomicetos 
de podridão marrom sejam conhecidos e classificados atualmente (KIRK et al., 1991; 
RYTIOJA et al., 2014; SABURI et al., 2014). 
Analisando dados referentes a estudos ômicos comparando ascomicetos e 
basidimicetos observa-se predominância de publicações investigando o arsenal enzimático de 
ascomicetos, principalmente do gênero Aspergillus. Esses estudos sugerem grande 




mesmo entre fungos de um mesmo gênero muitas diferenças podem ser observadas. Por 
exemplo, A. oryzae possui em maior número genes codificando para enzimas que degradam 
xilana e pectina, quando em comparação com A. niger e A. nidulans. Contudo, em A. nidulans 
e A. niger essa diferença é compensada pela presença de maior número de genes relacionados 
a degradação de galactomanana. Quanto à degradação da celulose, comparando-se 
especificamente Aspergillus com estudos referentes aos basidiomicetos, nota-se a presença de 
números semelhantes de genes codificando CBHs (famílias GH6 e GH7) mas, no entanto, 
basidiomicetos apresentam notavelmente menos genes para ß-glicosidases (GH3). Quanto às 
enzimas auxiliares, genes codificando LMPOs são encontrados em ambas as classes, porém, 
apresentam maior abundância em basidiomicetos. Estes últimos também possuem maior 
abundância de genes para CEs, especialmente aquelas das famílias CE15 e CE16. Quanto à 
degradação da hemicelulose, também há menor abundância de enzimas das famílias GH11, 
GH62 e CE5, sendo que, notavelmente, as xilanases da família GH11 estão ausentes nos 
genomas de fungos podridão marrom. Finalmente, obverva-se também menor abundância de 
genes que codificam enzimas para degradação de pectina (BENOIT et al., 2015; RYTIOJA et 
al., 2014). 
Dada a importância dos diferentes basidiomicetos na natureza, bem como das 
CAZymes na desconstrução da parede celular vegetal, este trabalho teve como objetivo 
principal investigar, através de espectrometria de massas (LC-MS/MS), o arsenal enzimático 
de CAZymes empregado por L. sulphureus (podridão marrom), P. coccineus e T. versicolor 
(podridão branca) na desconstrução de diferentes biomassas vegetais pré-tratadas por 
explosão a vapor, como bagaço (SCB) e palha de cana-de-açúcar (SCS) e resíduo de 
Eucalypstus grandis, além de diferentes fontes de carbono, como celulose microcristalina 
(Avicel®) e glicose. Os objetivos específicos foram analisar a biologia dos basidiomicetos por 
meio da análise fenotípica durante cultivo em diferentes carboidratos, avaliar a atividade 
enzimática dos secretomas frente a diferentes substratos sintéticos e a eficiência do secretoma 
com maior secreção enzimática de cada fungo na conversão de SCB, através de ensaios de 
suplementação utilizando coquetel enzimático comercial Celluclast®. Ressalta-se que, entre as 
CAZymes identificadas no secretoma de basidiomicetos de podridão branca, 8 LPMOs (3 de 
P. coccineus e 5 de T. versicolor) destacaram-se, sendo então selecionadas como alvo para 




Capítulo 2. Proteomics applied to investigate the L. sulphureus carbohydrate-active 
enzymes 
Os dados apresentados neste capítulo encontram-se organizados na forma de 
manuscrito, ainda em processo de elaboração, que será publicado em conjunto com dados de 
genômica e transcriptômica do fungo de podridão marrom L. sulphureus (em colaboração).  
O capítulo inicia-se apresentando os resultados dos ensaios de crescimento de L. 
sulphureus em diferentes carboidratos: glicose, arabinose, ácido galacturônico, xilose, lactose, 
celobiose e galactose, e o consumo de glicose pelo fungo ao longo de 7 dias de cultivo em 
meio líquido. Estes experimentos tiveram como objetivo avaliar o metabolismo do fungo e 
sua capacidade de crescimento em diferentes fontes de carbono, tendo como referência A. 
niger, representante do filo Ascomycota, já conhecido por ser utilizado como modelo de 
estudos no laboratório.  
O conjunto de proteínas secretadas (secretoma) por L. sulphureus, durante o 
cultivo em diferentes substratos, incluindo biomassas vegetais tais como SCB, SCS e resíduo 
de E. grandis (Eucalyptus) foram analisados por espectrometria de massas. Estes dados 
evidenciaram o arsenal enzimático de CAZymes empregado na degradação de fontes de 
carbono complexas, permitindo maior entendimento do mecanismo de desconstrução da 
parede celular vegetal. As diferenças nos arsenais enzimáticos foram avaliadas pela dosagem 
da atividade enzimática específica em diferentes substratos. Dentre todos os cultivos 
avaliados, a condição que gerou o secretoma com melhor performance em termos de atividade 
foi também aquela que apresentou maior secreção de proteínas, sendo esta então definida 
como a melhor condição para obtenção de um secretoma deste basidiomiceto. Definido o 
secretoma, este foi então combinado com o coquetel enzimático comercial Celluclast® para 









Wood decay fungi are essential to carbon cycling in nature due to their ability to 
break down cellulose, hemicellulose, and, depending on the species, lignin, and pectin from 
plant cell wall (RYTIOJA et al., 2014). The phylum Basidiomycota (basidiomycetes) include 
most wood decaying species that can be roughly divided into white rot fungi, which 
completely degrade all plant cell wall components, and brown rot fungi that rapidly 
depolymerize cellulose, but only modify the lignin (ZHANG, JIWEI et al., 2016). Neither 
white rot, nor brown rot fungi, form monophyletic groups, but instead, it has been suggested 
that the brown rot lifestyle evolved several times, and all white rots share a common ancestor 
that was itself a white rot strain (FERNANDEZ-FUEYO et al., 2012). Thus, the current 
knowledge signifies a continuum rather than a dichotomic division between white rot and 
brown rot modes of wood decay (OHM et al., 2014). 
The brown rot fungus L. sulphureus is known to produce metabolites with 
antioxidant and antimicrobial properties (TURKOGLU et al., 2006), and in biological 
systems for bioremediation of contaminated areas. Brown rot fungi evolved from white rot 
fungi with reductions and losses of some enzymes, especially cellulases and lignin-modifying 
enzymes. Brown rot fungi are known by their enzymatic arsenal for hemicellulose 
deconstruction and a deficiency in the cellulolytic system characterized by an usual lack of 
CBHs and a reduced number or absence of lytic polysaccharide monooxygenases (LPMOs 
family AA9) and cellobiose dehydrogenases (CDH subfamily AA3_1) (RILEY et al., 2014). 
In some species, the absence of CBH is compensated by the production of endoglucanases 
(ARANTES et al., 2011; RYTIOJA et al., 2014) and the efficiency in plant biomass 
degradation is associated to the lignocellulose oxidation (LOX mechanism) by reactive 
oxygen species (ROS), acting along with glycoside hydrolases (GHs) (ZHANG et al., 2016). 
In this work, a proteomic approach was used to investigate the L. sulphureus 
carbohydrate-active enzymes (CAZymes) potential. These data helped in the understanding of 
the strategies employed by this microorganism in the degradation of different lignocellulosic 
biomasses. Growth and protein secretion pattern of the fungus cultivated in different 
lignocellulosic substrates were also evaluated. The secreted proteins (secretomes) were then 





2. Material and Methods 
2.1 Strains maintenance 
L. sulphureus ATCC 52600 and A. niger N402 (ATCC 64974) were routinely 
maintained on potato dextrose agar (PDA) and minimal medium (MM) (PONTECORVO et 
al., 1953). 
2.2 Growth analysis 
Carbohydrate metabolism: mycelial disc was excised from the border of the 
colony growing on PDA (potato dextrose agar) and transferred to the center of a Petri dish 
containing MM supplemented with 1% (w/v) of the following substrates: glucose, arabinose, 
galacturonic acid, xylose, lactose, cellobiose and galactose. The model ascomycete A. niger 
was used as a reference. Cultivation was carried out in triplicate at 30 ºC during 6 and 7 days 
for A. niger and L. sulphureus, respectively. Growth rates calculation were based on the daily 
measurement of colony diameters. 
Glucose consumption: L. sulphureus was cultivated in 250 mL Erlenmeyer flasks 
containing 50 mL of MM pH 5.5 supplemented with 1% (w/v) glucose for 7 days under static 
conditions at 25 °C. A. niger was grown for 4 days at 30 ºC and 130 rpm. Samples were taken 
at 6, 12, 24, 48, 72, 96 and 120 h of cultivation, and residual glucose was released by High 
Performance Liquid Chromatography (HPLC). Cultivation was performed in triplicate.  
2.3 Sugarcane bagasse pretreatment 
Steam-exploded sugarcane bagasse (SCB) was kindly provided by the Laboratory 
of Genetics and Expression (LGE - UNICAMP). Biomass were prepared as previously 
described (ROCHA et al., 2012) and the chemical compositions were determined according to 
the NREL (SLUITER et al., 2011). SCB was composed by 45.3% cellulose, 10.8% 
hemicellulose, 38% lignin and 5% ash. 
2.4 Proteomics  
2.4.1 Cultivation 
Pre-inoculum: L. sulphureus was grown on Petri dishes containing PDA pH 5.5 at 
25 °C. After 7 days of cultivation, 14 mycelium discs (8 mm diameter) were excised from the 
colony border and transferred to 250 mL Erlenmeyer flasks containing 50 mL of liquid 




sulfate (0.5 g/L), dibasic sodium phosphate (0.2 g/L), monobasic potassium phosphate (0.8 
g/L), yeast extract (4 g/L) and glucose (10 g/L). The pre-inoculum was grown for 21 days 
under static conditions at 25 °C. 
Submerged cultivation: pre-grown mycelia were removed by filtration, washed 
with distilled water and manually grinded with 2 g of glass beads. The grinded mycelia were 
then carefully transferred to 250 mL Erlenmeyer flasks containing 50 mL MM pH 5.5 
supplemented with 1% (w/v) of pretreated biomass: SCB, sugarcane straw (SCS) and 
Eucalyptus and the carbon sources Avicel® or glucose. Cultivation was carried out under 
static conditions for 7 days at 25 °C. Each culture condition was performed in triplicate.  
2.4.2 Sample preparation 
Culture supernatants (secretomes) were filtered with Miracloth (Millipore), 
centrifuged (13,000g, 20 min, 4 °C) and concentrated using 10 kDa cut-off Amicon 
Centrifugal Filter Units (Millipore).  
2.4.3 Mass spectrometry 
Samples partially resolved on SDS-PAGE were excised from the gel following a 
reduced gel extraction protocol and digested with 20 mg/ml trypsin (Promega) 
(SHEVCHENKO et al., 1996). After extraction of the peptides, samples were dried under 
vacuum. Peptide mixtures were analyzed in LTQ Velos Orbitrap-activated ETD mass 
spectrometer (Thermo Fisher Scientific) coupled with an EASY-nLC system (Proxeon 
Biosystems) and a Nanoelectrospray Proxeon ion source. Peptides were separated with 
acetonitrile in a 2-90% gradient of 0.1% formic acid using a PicoFrit analytical column (20 
cm × ID75 μm, 5 μm particle size) at 300 nL/min flow rate for 60 min. The nanoelectrospray 
voltage was adjusted to 2.2 kV, and the source temperature was 275 °C. The methodology 
used in the LTQ Velos Orbitrap instrument was standardized for data acquisition based on 
dependent values. Full-scan MS spectra (m/z 300-1600) were obtained from the Orbitrap 
analyzer after accumulation to a target value. The Orbitrap resolution was set at r = 60,000. 
The 20 most intense peptide signals with states of charge ≥2 were sequentially isolated at a 
target value of 5000 and fragmented into trap ion by low energy CID (35% normalized 
collision energy). The signal limit for triggering an MS/MS event has been set to 1000 counts. 
The dynamic deletion was enabled with an exclusion size list of 500, exclusion duration of 60 
s, and repeat count of 1. Activation q was 0.25 and activation time of 10 ms. The raw data 




Science Ltd.). The following parameters were used: carbamidomethylation as fixed 
modification, oxidation of methionine as variable modification, trypsin cleavage error and 
maximum permissible error in the peptide mass of 0.1 Da (RUBIO et al., 2016). 
2.4.4 Data analysis 
 Spectra data were annotated based on the L. sulphureus ATCC 52600 genome 
(unpublished data). The adjusted conditions to validate protein identification were protein 
probability thresholds higher than 99%, at least 2 different peptides identifying a protein, each 
one with 95% certainty and 0.0% of false discovery rate (FDR). For the mass spectrometry 
data analysis, the spectral counting in a semi-quantitative method was set. Spectra counts are 
equivalent to the total number of standard spectra assigned to each protein and are commonly 
used to determine their relative abundances (KELLER et al., 2002; NESVIZHSKII et al., 
2003). As the spectra counting methodology was used for analysis, the FDR was designated 
as one of the parameters to determine the reliability of experimental data. The FDR was 
defined as the expected correspondent percentage of each peptide spectrum (KÄLL et al., 
2008). Initially, a score was designated to each peptide (primary analysis) performed with 
Mascot Distiller software. Subsequently, Mascot data was analyzed by Scaffold 4 Proteomic 
software attributing the number of spectra to the abundance and the FDR to the reliability of 
the results. Using the media of the number of spectra outputs from Scaffold 4, differentially 
secreted proteins were identified according to their spectra counting and quantitative values 
were applied to normalize the counts. The statistical analysis of the spectra was performed by 
the t-test (p ≤0.05) and fold change by category, using the data obtained from cultivation in 
glucose as standard. 
GO terms were analyzed and identified in the topGO platform using the following 
online tools: basic local alignment search (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi), 
PFAM (https://pfam.xfam.org/) and MEROPS (https://merops.sanger.ac.uk/). Parameters used 
to run BLASTp were: E-value ≤ 40, identity ≥ 40%, and consultation coverage ≥ 80%. 
Classification of CAZymes and carbohydrate-binding modules (CBM) was performed on 
dbCAN web resource (csbl.bmb.uga.edu/dbCAN). The minimal required condition to 
establish an individual classification was the presence of three or more representative 
members. The presence of signal peptide was verified using SignalP (version 4.1, Server-




2.5 Activity on different substrates 
Enzymatic assays were performed using 50 μL of the following substrates: 5 mM 
4-nitrophenyl β-D-cellobioside, 4-nitrophenyl β-D-xylopyranoside and 4-nitrophenyl β-D-
glucopyranoside and 0.5% (w/v) polygalacturonic acid, starch, xylan from beechwood 
(Sigma-Aldrich), wheat arabinoxylan, β glucan and galactomannan (Megazyme). Assays were 
performed using 1 μg of total protein from the concentrated secretomes in 50 mM ammonium 
acetate buffer pH 5.5 at 50 ºC. Assays with L. sulphureus secretomes were performed for 240 
min, while assays with A. niger secretomes were performed for 30 min. Assays with 
polymeric substrates were stopped with 100 μl of 3,5-dinitrosalicylic acid (DNS) and the 
released reducing sugars were measured at 540 nm (MILLER, 1959). Assays with the 
synthetic substrates were stopped with 100 μl of 1 M sodium bicarbonate and the released 4-
nitrophenolate was measured at 405 nm. All assays were performed in triplicate. 
2.6 Enzymatic saccharification 
Enzymatic saccharification of SCB (50 mg) was performed using 16 mg/g (1 mg 
total) of the concentrated secretome of L. sulphureus grown in SCB, bovine serum albumin 
(BSA) and Celluclast® (Novozymes, Bagsværd, Denmark) combinate with 5 FPU of 
Celluclast®/g of SCB (equivalent to 11 FPU per gram of cellulose) in 50 mM sodium citrate 
buffer pH 4.8.The experiment was performed on a Thermo mixer with 1000 rpm and 50 °C up 
to 72 h. Assays were performed in triplicate, the assays with only Celluclast® (5 FPU) were 
used as standard and the sugars were measured by HPLC. FPAse activity was assayed 
according to Eveleigh and colleagues with modifications proposed by Camassola and 
colleagues (CAMASSOLA; DILLON, 2012; EVELEIGH et al., 2009). The percentage of 
biomass conversion (%) were calculated using the amount of glucan/xylan content in biomass 
(pretreated/native) i.e, concentration of the monomeric sugars multiplied for the respectively 
anhydro correction and divided by the respectively concentration of the corresponding 
polymeric sugars content. An anhydro correction of 1.13 (or 150/132) for C-5 sugars (xylose 
and arabinose) and a correction of 1.1 (or 180/160) for C-6 sugars (glucose, galactose, and 
mannose) were used. This calculated was performed according Selig and collegues and Sluiter 
and collegues (SELIG et al., 2008; SLUITER et al., 2011) with modification proposed by 




2.7 HPLC analysis 
Glucose, xylose and cellobiose concentrations were quantified by HPLC Accela 
(Thermo Fischer Scientific, USA) equipment with RI detector (Thermo Fischer Scientific, 
USA), using HyperREZ XP (Thermo Fischer Scientific, USA) column at 65 ºC and 5mM 
H2SO4 as mobile phase at 0.6 mL/min. 
2.8 Protein assay and SDS-PAGE 
Protein concentration was measured with the Pierce BCA Protein Assay kit 
(Thermo Scientific) using BSA as standard. Concentrated secretomes (20µg) were separated 
on SDS-PAGE in 12% polyacrylamide gels (LAEMMLI, 1970). 
3. Results  
3.1 L. sulphureus displays reduced growth in non-glucose saccharides 
L. sulphureus primary metabolism was investigated in different substrates using 
as reference the ascomycete A. niger. Both strains were able to grow in different mono- and 
disaccharides. L. sulphureus phenotype was similar during growth in different substrates, 
whereas A. niger displayed a different phenotype, i.e, a whiter color at the colony border 
during growth in galacturonic acid and lactose (Figure 1A). 
L. sulphureus growth rate was substantially lower than A. niger in almost all 
carbohydrates sources, excepting in arabinose and galacturonic acid. The A. niger growth 
rates in galacturonic acid, xylose, lactose, cellobiose and galactose were very similar to that 
observed in glucose, whereas it was strongly reduced (by more than 90%) in galactose and 
absent in arabinose (Figure 1B). In comparison to glucose, L. sulphureus growth rate was 
reduced by ~ 50% in both arabinose and galacturonic acid, and by ~ 60% in the other 
carbohydrates (Figure 1C). Additional data analysis was performed comparing both fungi as 
in the function of time growth rate showed that L. sulphureus has the unique capacity to grow 
in galactose. In other hand, slow growth rate was observed in the other non-glucose 
saccharides, mainly lactose and cellobiose (Figure 1D). Analyzing the glucose consumption, 
during the L. sulphureus cultivation, glucose was not completely depleted, decreasing only 
50% after 168 h. So, L. sulphureus consumed glucose substantially throughout the cultivation. 
On the other hand, A. niger almost depleted glucose at 12 h of culture, although complete 




These data raised questions regarding the biological behavior of this 
basidiomycete in complex and polymeric carbon sources. In order to elucidate how L. 
sulphureus deal with polysaccharides, proteomic analysis was performed. 
Figure 1. Analysis of L. sulphureus and A. niger growth in different carbohydrates. (A) Images of 
L. sulphureus and A. niger colonies growing, respectively, for 7 and 6 days on agar plates 
supplemented with different carbohydrates. Growth rate of A. niger (B) and L. sulphureus (C) 
estimated by colony diameter measurement in relation to glucose rate and (D) comparing both in 
relation to diameter per hour (cm/h). (E) Glucose consumption during A. niger and L. sulphureus 




respective data from growth in glucose and A. niger growth, respectively (asterisks correspond to 
statistically significant mean values, p ≤0.05). Residual glucose was measured using HPLC. 
 
3.2 Outstanding enzymes secreted by L. sulphureus during growth on lignocellulosic substrates 
A total of 3,328 spectra were identified in the L. sulphureus secretomes representing 121 
proteins. Among this total, 40 proteins were classified as CAZymes (33%), 8 peptidases or proteases 
(7%), 7 oxidases (5%), 7 esterases (5%), 5 dehydrogenases (4%), 10 hypothetical proteins (8%) and 




Figure 2. Overview of the L. sulphureus secretomes. General proteins and CAZymes classification 
(A); GHs representing more than 2% of the total (B); AAs (C). Venn diagrams grouping statistically 
significant proteins (D) and upregulated proteins (E) secreted in the different substrates.  
Glycoside hydrolases (GHs) were predominant in the secretomes followed by 
auxiliary activities (AAs), comprising 25% (31 proteins) and 6% (7 proteins) of the total 
secreted CAZymes, respectively. In addition, 1% pectate lyase (PL) and 2% CBM (1 CBM12 
and 2 CBM13 found as non-appended elements and 1 CBM20 and 1 CBM5 appended to 




The families GH3 and GH18 were predominant within GHs (Figure 2B). The 
family GH3 represents a large family in the CAZy database, and the presence of 1 β-
xylosidase (accession number - ACNO g7390) and 2 β-glucosidases (ACNO g2032 and 
g11777) were observed. GH18 enzymes with predicted chitinolytic activity were identified 
(ACNO g5150, g834 and g10854). Carbohydrate esterases (CEs) were not found in the L. 
sulphureus secretomes. AAs were abundant considering the 4 AA3 GMC oxidoreductases 
(aryl alcohol oxidases ACNOs g5677, g5675, g5206 and g10342), 1 AA7 
glucooligosaccharide oxidase (ACNO g9758), 1 AA4 vanillyl-alcohol oxidase (ACNO g410) 
and 1 AA5 glyoxal oxidase (ACNO g4370) (Figure 2C and Table 1). 
The differences in the enzymatic arsenal involved during lignocellulose 
degradation by L. sulphureus growth in different substrates became evident analyzing the 
secretion regulation in all secretomes against the glucose secretome (Figure 2D and E). 42 
enzymes showed statistical significance in secretion, and a dehydrogenase (ACNO g5203) 
was the unique enzyme downregulated in all substrates and an amidase (ACNO g3020) was 
the unique present in all substrates but upregulated only in Avicel® (Table 1). 
The highest number of statistically significant enzymes was identified in the SCB 
secretome, comprising 19 exclusive hits (Figure 2D), with 18 upregulated enzymes (Figure 
2E). Remarkably, more than 40% of the enzymes identified in L. sulphureus secretomes were 
specific and positively regulated during growth in SCB, while only 1 hypothetical protein 
(ACNO g5790) was downregulated. Moreover, 6 enzymes were present and upregulated in 
SCS (Figure 2D and E and Table 1). Secretion of a fewer number of proteins occurred in 
cultivation on Eucalyptus, with only 4 secreted enzymes (Figure 2D), none of them were 
exclusively or presenting statistical significance in secretion (Figure 2E).  
GH47 α-mannosidase (ACNO g10983), GH35 β-galactosidase (ACNO g11423), 
GH2 β-mannosidase (ACNO g8446), GH18 chitinase (ACNO g10834) and GH31 α-
glucosidases (ACNOs g3209 and g4624) were upregulated in SCB. It was also observed 1 
GH10 endo-β-xylanase (ACNO g4476) and 1 GH27 α-galactosidase (ACNO g4275) 
upregulated in all secretomes, excepting in Eucalyptus, and 1 GH20 α-N-
acetylgalactosaminidase (ACNO g8819) upregulated in both SCB and SCS (Table 1).  
Remarkably, a GH7 CBH (ACNO g8442) was highly secreted in Avicel®, 
considering the peptide counts, but this enzyme was not upregulated in comparison to 




Table 1: Total of proteins identified and stattistically significant in the secretomes of Laetiporus sulphureus in different carbon sources and pretreated biomass 
                          
















































































































g1004.t1 41 CBM12   Carbohydrate-binding domain  PF11901.7 0 0 0 0 0 0 0 0 1 1 0 0 3 3 3       (+1) 
g11545.t1 15 CBM13   Carbohydrate-binding domain    2 2 1 1 3 1 4 1 0 2 6 0 1 3 3         
g2075.t1 15 CBM13 + Carbohydrate-binding domain    0 1 2 4 1 1 1 0 0 1 0 0 1 3 3         
Cellulose degradation 
g11777.t1 89 GH3 + β-glucosidase PF00933.20 0 0 1 2 2 2 1 0 1 0 0 0 1 0 0   (+1)     
g2032.t1 34 GH3 + β-glucosidase PF00933.20 5 1 1 1 1 1 0 1 1 0 0 0 4 2 2   (+1)   (+1) 
g2238.t1 36 GH5_5   Endoglucanase PF00150.17 0 1 1 0 0 0 3 1 0 0 0 0 0 0 0         
g247.t2 65 GH5_9 + Glycosyl hydrolase Family 5   0 0 2 1 3 0 0 1 0 0 0 0 0 0 0         
g8442.t1 68 GH7 + Cellobiohydrolase PF00840.19 12 14 9 2 2 4 10 12 2 4 6 0 7 7 7 (-1)       
Dehydrogenase 
g1286.t1 43     Dehydrogenase PF02826.18:2 2 0 0 0 0 0 0 0 0 3 0 0 0 0 0         
g1443.t1 44   + 
Glyceraldehyde 3-phosphate 
dehydrogenase, C-terminal domain PF02800.19 0 0 0 0 0 1 0 1 2 3 0 6 3 0 0         
g5203.t1 39     Dehydrogenase PF02826.18 2 0 0 0 0 1 0 3 2 9 6 9 3 0 0 (-1) (-1) (-1) (-1) 
g5434.t1 44   + Dehydrogenase PF02826.18 2 0 0 0 0 0 0 2 2 7 0 6 3 0 0         
g7411.t1 39   + 
Alcohol dehydrogenase GroES-like 
domain PF08240.11 0 0 0 0 0 0 0 0 0 1 0 3 2 0 0         
Esterases 
g1002.t1 60 CE10 + Lipase PF00135.27 0 0 0 1 1 1 0 1 1 0 0 0 0 0 0   (+1)     
g11853.t1 76 CE10 + Carboxyl esterase   0 3 5 1 2 3 0 2 0 0 0 0 0 0 0         
g293.t1 81 CE10 + Carboxyl esterase   0 1 0 0 1 1 1 3 0 0 0 0 0 0 0         
g3867.t1 72 CE10 + Carboxyl esterase   0 1 2 1 2 2 0 1 0 0 0 0 0 0 0   (+1)     
g3868.t1 77 CE10 + Carboxyl esterase   0 1 1 2 1 0 0 1 0 0 0 0 0 0 0         
g4136.t1 76 CE10 + Carboxyl esterase   0 0 1 1 2 1 1 1 0 0 0 0 0 0 0   (+1)     
g2621.t1 91     Calcineurin-like phosphoesterase PF00149.27 2 0 1 5 1 3 0 1 2 1 0 3 0 0 0         
Hemicellulose degradation 
g4476.t1 34 GH10 + Endo 1,4 β-xilanase PF00331.19 5 17 9 2 3 1 10 5 1 0 0 0 2 2 2 (+1) (+1)   (+1) 
g4477.t1 39 GH10 + Endo β-xilanase PF00331.19 7 7 9 3 3 3 5 5 1 0 6 0 2 3 3         




g6508.t1 77 GH127 + β-L-arabinofuranosidase PF07944.11 5 1 1 1 1 2 1 2 1 0 0 0 0 2 2   (+1) (+1)   
g5150.t1 45 GH18   Glycosyl hydrolase PF00704.27 5 6 1 1 2 4 3 1 0 0 6 0 0 2 2         
g8446.t2 95 GH2   β-manosidase   0 1 0 1 2 1 1 2 0 0 0 0 0 0 0   (+1)     
g8819.t1 62 GH20 + α-N-acetylgalactosaminidase PF00728.21 0 0 0 3 3 3 0 0 0 0 0 0 2 3 3   (+1)   (+1) 
g4275.t1 49 GH27 + α-galactosidase PF16499.4 2 2 1 3 1 1 4 1 0 0 0 0 1 3 3 (+1) (+1)   (+1) 
g9743.t1 44 GH27 + α-galactosidase PF16499.4 2 1 2 1 2 4 4 1 0 0 0 3 1 3 3         
g7390.t1 82 GH3   β-xylosidase PF01915.21 7 3 4 5 5 7 4 4 3 2 0 3 3 5 5   (+1)     
g1211.t1 55 GH30_3 + Endo β-xylanase PF02055.15 0 1 1 1 2 0 1 0 0 0 0 0 1 0 0         
g10983.t1 60 GH47   α-mannosidase PF01532.19 0 1 0 2 1 1 0 0 1 0 0 0 0 0 0   (+1)     
g7154.t1 65 GH51 + Arabinofuranosidase PF06964.11 0 1 1 1 1 0 0 1 0 0 0 0 0 0 0         
g7175.t1 68 GH51   Arabinofuranosidase PF06964.11 0 7 6 2 3 0 8 0 0 0 0 0 0 2 2         
g4354.t1 117 GH92   α-1,2-mannosidase PF07971.11 7 6 2 3 5 3 5 3 1 2 0 3 3 3 3         
g9634.t1 89 GH92   α-1,2-mannosidase PF07971.11 38 32 35 17 27 24 29 25 7 3 19 9 21 18 18 (+1)       
Hypothetical  
g11132.t1 25   +     0 0 2 2 0 1 0 2 4 7 6 0 3 5 5         
g11218.t1 66         0 0 2 1 1 1 1 1 0 1 0 3 1 0 0         
g11234.t1 16   +     0 0 0 0 0 0 0 1 1 3 0 0 0 0 0         
g2916.t1  98         0 0 0 1 1 1 1 0 2 1 0 0 0 0 0         
g3275.t1 18   +     2 0 0 0 0 1 0 1 2 3 0 6 4 8 8         
g5609.t1 27         0 0 0 2 1 0 0 2 2 2 0 3 3 2 2         
g57.t1 21   +     0 0 0 0 0 0 0 1 1 1 0 3 0 0 0         
g5790.t1 43         0 0 0 0 0 0 0 0 4 9 13 3 1 2 2   (-1)     
g5791.t1 37         0 0 0 0 0 0 0 0 0 2 0 0 0 2 2         
g921.t1 36         5 3 4 5 4 3 5 4 1 4 6 6 4 5 5         
Others 
g10854.t1 31 GH18 + Chitinase   0 1 0 1 1 1 1 2 0 0 0 0 0 0 0   (+1)     
g834.t1 57 GH18/CBM5   Chitinase PF00704.27 2 1 2 3 3 1 4 1 0 1 0 0 1 5 5 (+1)       
g10264.t3 84 GH37 + Trehalase PF01204.17 14 7 4 2 5 7 4 5 0 0 6 9 2 3 3         
g249.t1 67 GH55 + Glucanase PF12708.6 10 7 6 3 3 2 3 3 2 1 6 3 1 2 2         
g635.t1 29 GH55   Glucanase PF12708.6 10 8 5 3 2 5 5 3 2 1 13 3 4 7 7         
g9217.t1 47 PL15 + Alginate lyase   0 2 0 3 2 1 3 1 0 0 0 0 0 0 0   (+1)     
g11103.t1 32   + Survival protein SurE PF01975.16 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0         




g11131.t1 31     Amidase   2 2 2 5 1 2 1 3 7 8 13 21 5 12 12         
g1535.t1 63     Flavin-binding monooxygenase-like PF00743.18 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0         
g1903.t1 21     Fibronectin type III-like domain PF14310.5 0 0 0 1 3 1 0 0 1 1 0 0 1 0 0         
g2352.t1 53     Eisosome component PIL1 PF13805.5 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0         
g2822.t1 10     
Protein of unknown function 
(DUF3759) PF12585.7 0 0 0 0 0 0 1 1 1 3 0 0 1 0 0         
g3020.t1 28     Amidase   0 0 0 1 2 1 0 1 3 6 6 3 2 0 0 (+1) (-1) (-1) (-1) 
g3053.t1 62     FAD binding domain PF01494.18 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0         
g3299.t1 107     FAD binding domain PF00890.23 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0         
g3349.t1 151     Glutaminase PF17168.3 0 0 1 1 2 1 0 1 0 0 0 0 0 0 0   (+1)     
g3727.t1 43   + Thiolase, N-terminal domain PF00108.22 0 0 0 0 0 0 0 0 1 2 0 3 0 0 0         
g3815.t1 59   + 
Elongation factor Tu GTP binding 
domain PF00009.26 0 0 0 0 0 0 0 1 2 2 0 3 0 0 0         
g3892.t1 27     
Protein of unknown function 
(DUF3455) PF11937.7 0 0 1 1 1 1 1 1 0 1 0 6 1 2 2         
g437.t1 65     Amidase PF12222.7 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0   (+1)     
g5751.t1 30     Mitochondrial carrier protein PF00153.26 0 0 0 0 0 0 0 1 2 2 0 0 2 2 2         
g6345.t1 45     
Elongation factor 1 gamma, 
conserved domain PF00647.18 0 0 0 0 0 0 0 0 0 0 0 3 2 2 2         
g651.t1 95     Glutaminase PF17168.3 0 0 1 2 2 2 1 2 1 0 0 0 0 0 0   (+1) (+1)   
g6565.t1 65     
Common central domain of 
tyrosinase PF00264.19 0 0 0 6 1 4 0 0 2 2 0 0 3 2 2         
g6768.t1 97     
Tubulin/FtsZ family, GTPase 
domain PF00091.24 0 0 0 0 0 0 0 0 1 1 0 3 1 0 0         
g7216.t1 12   + Cytochrome c   0 0 0 0 0 0 0 0 2 0 0 3 1 2 2         
g7586.t1 40     Delta endotoxin, N-terminal domain   0 0 1 3 1 1 0 2 4 8 19 0 5 5 5         
g8526.t1 42   + Actin PF00022.18 0 0 0 0 1 0 0 0 1 1 0 0 1 2 2         
g9283.t1 31     Cupin   0 0 0 0 0 0 0 0 1 0 0 0 1 2 2       (+1) 
g9558.t1 46   + Lysophospholipase catalytic domain PF01735.17 0 0 0 3 1 1 0 0 0 0 0 0 0 0 0         
g974.t1 31     Eukaryotic porin PF01459.21 5 0 0 0 0 1 0 3 6 2 0 3 7 2 2         
g10117.t1 36     
Transaldolase/Fructose-6-phosphate 
aldolase PF00923.18 0 0 0 0 0 0 0 1 1 1 0 3 1 2 2         
g1453.t1 34     
Lactate/malate dehydrogenase, 




g2310.t1 67     Phosphoglycerate mutase PF00328.21 5 2 2 2 3 2 6 1 0 0 0 0 4 2 2 (+1) (+1)   (+1) 
g2590.t1 54     Ribonuclease T2 family PF00445.17 5 3 1 3 2 2 0 1 1 0 6 0 1 2 2         
g2787.t1 63   + Phosphoglycerate mutase   2 2 4 1 1 2 0 1 0 1 0 0 0 5 5 (+1)       
g4808.t1 61     Phosphoglucomutase PF02878.15 0 0 0 0 0 0 0 0 1 0 0 0 1 2 2       (+1) 
g4844.t1 41     Phosphatase   0 0 2 1 1 1 0 0 0 0 0 0 0 2 2   (+1)     
g49.t1 17     Nucleoside diphosphate kinase PF00334.18 0 0 0 0 0 0 0 0 1 1 0 0 1 2 2         
g5444.t1 43   + Adenosyl sinthetase PF02773.15 0 0 0 0 0 0 0 0 0 1 0 0 3 2 2       (+1) 
g5485.t1 58     ATPase PF00006.24 0 0 0 0 0 0 1 0 2 3 0 6 3 5 5         
g6998.t1 49     Enolase PF00113.21 0 0 0 1 0 0 0 0 1 0 0 0 3 2 2       (+1) 
g7484.t1 60     
Histidine phosphatase superfamily 
(branch 2) PF00328.21 2 1 2 4 3 2 0 1 3 2 0 3 2 0 0         
g8845.t1 18     
Cyclophilin type peptidyl-prolyl cis-
trans isomerase/CLD PF00160.20 0 0 0 0 0 0 0 0 1 1 0 3 0 0 0         
g9489.t1 66     Catalase PF00199.18 0 0 0 0 0 0 0 1 2 3 0 3 0 2 2         
Oxidases/Reductases 
g10342.t1 68 AA3_2 + Aryl alcohol oxidase  PF00732.18 0 0 0 1 0 0 0 0 1 2 0 0 4 3 3         
g5206.t1 62 AA3_2 + Aryl alcohol oxidase  PF00732.18 0 0 0 3 1 1 0 0 0 0 0 0 0 0 0         
g5675.t1 65 AA3_2 + Aryl alcohol oxidase PF00732.18 0 1 0 3 2 2 1 3 1 0 0 0 1 2 2   (+1)   (+1) 
g5677.t1 66 AA3_2   Aryl alcohol oxidase  PF00732.18 0 0 1 8 2 3 0 0 1 1 6 0 3 2 2         
g410.t1 59 AA4 + Vanillyl-alcohol oxidase PF02913.18 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0         
g4370.t1 61 AA5_1   Glyoxal oxidase PF07250.10 0 0 1 0 1 1 0 1 0 0 0 0 0 0 0         
g9758.t1 53 AA7   Glucooligosaccharide oxidases PF01565.22 0 0 1 1 1 3 0 0 0 0 0 0 0 0 0   (+1)     
g10621.t1 30     
Enoyl-(Acyl carrier protein) 
reductase PF13561.5 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0         
g5676.t1 17     GMC oxidoreductase PF05199.12 7 6 2 3 2 5 6 5 1 1 0 3 1 3 3         
g7548.t1 104     Galactose oxidase   2 3 2 1 1 1 1 1 0 0 0 0 0 0 0 (+1) (+1) (+1)   
g8198.t1 66   + 
Flavin containing amine 
oxidoreductase PF01593.23 0 0 0 1 1 1 0 0 0 1 0 0 0 2 2         
g9200.t1 36     Aldo/keto reductase family PF00248.20 0 0 0 0 0 0 0 0 2 0 0 3 4 3 3         
g9473.t1 74   + Oxidoreductase   2 2 1 1 1 1 1 1 0 0 0 0 0 0 0 (+1) (+1) (+1)   
g9629.t1 23     
Iron/manganese superoxide 
dismutases, alpha-hairpin domain PF00081.21 0 0 0 0 0 0 0 0 1 3 0 0 2 0 0         




g3209.t1 99 GH31 + α-glucosidase PF01055.25 0 0 1 1 1 2 0 0 2 0 0 0 0 0 0   (+1)     
g4624.t1 106 GH31   α-glucosidase PF01055.25 0 0 2 4 5 4 0 1 2 2 0 0 3 2 2   (+1)     
g11423.t1 111 GH35 + β-galactosidase PF01301.18 0 0 4 1 3 4 1 5 1 0 0 0 1 0 0   (+1)     
g11126.t1 69 GH78 + α-L-rhamnosidase   0 0 2 1 2 0 3 1 0 0 0 0 0 0 0         
g9909.t1 56 GH79   Glucuronidase PF16862.4 0 3 1 1 2 2 4 1 1 0 0 3 1 2 2         
Peptidases/Proteases 
g11219.t1 67     Peptidase   2 0 1 3 2 1 1 2 1 0 0 0 1 2 2   (+1) (+1) (+1) 
g1201.t1 68     Eukaryotic aspartyl protease   2 8 7 1 7 1 4 5 1 2 6 9 1 2 2         
g2311.t1 145     Peptidase   0 1 5 1 2 1 3 3 1 0 0 0 0 3 3         
g3437.t1 39     Eukaryotic aspartyl protease   2 0 1 3 1 1 0 2 2 0 0 0 4 2 2         
g4145.t1 47     Eukaryotic aspartyl protease   0 0 0 0 0 1 0 0 0 1 0 0 0 0 0         
g6034.t1 68     Serine carboxypeptidase   2 0 0 1 0 1 1 2 1 0 6 0 0 2 2         
g6604.t1 53     Serine carboxypeptidase   5 1 0 2 2 5 3 1 0 0 0 3 1 2 2         
g6868.t1 70     Peptidase   0 0 0 2 1 2 0 0 1 1 0 0 2 2 2   (+1)   (+1) 
Starch degration 
g980.t1 56 GH15/CBM20 + Glucoamylase PF00723.20 5 26 24 32 39 25 39 35 6 2 0 3 3 7 7   (+1)     
g5448.t1 20     Glucoamylase   0 7 1 1 1 0 1 3 1 0 6 0 0 0 0         
1 - Biological function according topGO software analysis; 
2 - Acession number of Laetiporus sulphureus ATCC 52600 genome;    
3 - Molecular weight (kDa);            
4 - Classification of CAZymes according to dBcan (csbl.bmb.uga.edu/dbCAN); 
5- Analysis of protein signal peptide according to Signal P (www.cbs.dtu.dk/services/SignalP);  
6 - Protein description according to CAZy database (www.cazy.org/) and BLASTp (https://www.ncbi.nlm.nih.gov/BLAST) softwares analysis, considering the values  ≤40 identity ≥40% and coverage ≥80%; 
7- Pfam number (https://pfam.xfam.org);  
8 - Spectrum counting of biological replicates;   
9 - Regulation of protein secretion on each substrate compared by t-test (p value≥0.05) and fold change by category against glucose data; statistics analysis was performed using Scaffold 4 Software  
(+1) represent up regulated in relation to glucose and (-1) down regulated in relation to glucose      





3.3 L. sulphureus secretomes - activity on different substrates and application in SCB 
saccharification  
In order to validate the proteomic data, L. sulphureus had its activity tested in 
different substrates, also using the A. niger secretome as reference (Figure 3). L. sulphureus 
showed activity in a narrower range of substrates and the activity levels were lower analyzing 
the the A. niger secretomes. A similar activity pattern was observed in all L. sulphureus 
secretomes (Figure 3B). In A. niger secretomes only β-glucosidase and amylase activities 
were concomitantly detected in all secretomes (Figure 3A). 
Figure 3. Activity profiles of A. niger and L. sulphureus secretomes. Assays were carried 
out at pH 5.5 and 50 ºC for 30 and 240 min for A. niger (A) and L. sulphureus (B) secretomes, 
respectively. Activities were compared by multiple test (two-way ANOVA) using the glucose 
secretome as control (asterisks correspond to statistically different values; p value ≤0.05). 
Reducing sugars were measured using DNS. 
To explore the potential of the repertoire of lignocellulose-degrading enzymes, 
saccharification assays were performed using the L. sulphureus secretome as a supplementing 
agent in the degradation of SCB (Figure 4). Supplementation with the L. sulphureus 
secretome reached the highest glucan conversion at 24 h (~ 10%), which was exactly to that 
obtained by using Celluclast® + BSA. The higher conversion of Celluclast® supplemented 
with same itself proportions showed highest glucan conversion at 12 h (Figure 4A). 
Regarding the results of xylan, the highest conversion of L. sulphureus assays was achieved at 




saccharification performance (~ 55% of conversion).  The highest conversion points had their 
sugars counted, showing that, for glucose and xylose, the assay using Celluclast® 
supplemented with itself had a higher sugar content (~ 5 g/L), whereas, for cellobiose, the 
assay contained only Celluclast®, i.e., without supplementation, resulted in greater 
accumulation of the same (~ 6 g/L). Emphasized that Celluclast® supplemented with L. 







Figure 4. SCB saccharification using Celluclast® and L. sulphureus secretome during 72 
h. Results were expressed as glucan (A) and xylan (B) conversion (%) and g/L of the mainly 
sugars (C). Assays were performed with only 5 FPU of Celluclast® or combined with 16 mg/g 
of BSA, L. sulphureus SCB or Celluclast®. Statistics were performed by multiple tests (two-
way ANOVA) using only the Celluclast® data (in green) as a reference (p value ≤0.05). 





 Wood decay fungi such as basidiomycetes live in mixed communities in nature and 
share complementary potentials for polysaccharide degradation, such as the successional 
colonization performed by communities of litter fungi (SÁNCHEZ, 2009). The ascomycetes 
ability to grow effortlessly on different substrates such as starch, sucrose, apple pectin, 
beechwood xylan, sugar beet pulp and wheat bran was previously reported (BENOIT et al., 
2015), however there are few data regarding the biology of basidiomycetes. Observing the 
differences among A. niger and L. sulphureus growth on different carbon sources, as well as 
regarding glucose consumption in liquid medium, the basidiomycete strain presented slower 
growth and higher glucose uptake.Thus, it was possible to assume that L. sulphureus can 
transport and metabolize a diversity of carbohydrates, despite slower speed. This slow growth 
rate could be related as a slower substrate consumption (Figure 1). 
 The wide availability of sequenced genomes, as well as transcriptomics and 
proteomics tools have been contributing to understand fundamental differences in the fungal 
enzymatic machinery. Variations in the enzymatic arsenal of basidiomycetes allow a division 
into white and brown rot lifestyles (MIYAUCHI et al., 2018). The involvement of ROS and 
reactive radicals has been commonly demonstrated in brown rot strains (ARANTES et al., 
2011; MARTINEZ et al., 2009; MONRROY et al., 2011). Roughly, the deconstruction of 
biomass by brown rot fungi employs low-molecular-weight molecules, which are capable of 
modify cellulose by penetrating plant cell-wall pores, thus increasing enzymatic accessibility 
to the polymer (MONRROY et al., 2011). On this regard, the high secretion of AA3 members 
by L. sulphureus (Figure 2C) can be related to biomass degradation via Fenton chemistry in 
which hydrogens are removed from aliphatic compounds, e.g. polysaccharides, 
depolymerizing their structure by the introduction of oxygen functional groups. Besides 
Fenton reaction, can also oxidize structures containing aromatic rings, what would explain the 
modification performed by brown rots on lignin (FERNANDEZ-FUEYO et al., 2012; 
MARTINEZ et al., 2009; TAHERZADEH et al., 2000). 
In addition to the abundance of AA3 members, the absence of CE1 esterases and 
absence of genes encoding for CBM1 can be considered remarkable characteristic found in L. 
sulphureus. Moreover, the absence of GH11 in brown rot genomes was reported (BENOIT et 
al., 2015; KIRK et al., 1991; MARTINEZ et al., 2009; OHM et al., 2014; RYTIOJA et al., 
2014; WYMELENBERG et al., 2010). AA3_1 CDHs are usually absent in the genome of 




reduced number, what is explained by the evolution in the brown rot lifestyle (HORI et al., 
2013; LÓPEZ et al., 2018; RYTIOJA et al., 2014).  
 In relation to the hydrolytic mechanism of cellulose degradation, CBHs belonging to 
the families GH6 and GH7 are considered main enzymes, but they are commonly absent in 
the genome of brown rot strains, excepting in basidiomycetes from the Order Boletales such 
as Serpula lacrimans and Coniophora puteana (RILEY et al., 2014). L. sulphureus a member 
of the Order Polyporales is an exception, since it harbors in the genome one CBH, which, in 
fact, was constitutively secreted in the different substrates (Table 1). In brown rots, the lack 
of processivity usually found in CBHs is compensated by the secretion of many 
endoglucanases. For example, Valadares and colleagues (VALADARES et al., 2016) 
observed the secretion of two endoglucanases from the families GH45 and GH5 by L. 
sulphureus growing in CMC, in addition to the presence of one CBH and one β-glucosidase. 
In this regard, we only identified one endoglucanase (ACNOs g2238) which secretion was 
upregulated in SCB and SCS (Table 1). Besides, two GH5 enzymes were identified, however 
their catalytic domains could not be confirmed indicating these enzymes may not be 
essentially involved in cellulose degradation. Thus, the identified endoglucanases, CDH and 
β-glucosidases may be enough to compose the hydrolytic mechanism for cellulose 
degradation by L. sulphureus.  In addition to hydrolytic enzymes, the higher presence GH18 
chitinases indicates active fungal cell wall remodeling during growth in complex substrates, 
such as plant biomass (MIYAUCHI et al., 2018) (Figure 2B and Table 1). 
 Brown rot fungi secretes a slight lower number of xylanolytic enzymes when 
comparing cultivation on hardwood and softwoods (FERNANDEZ-FUEYO et al., 2012; 
RYTIOJA et al., 2014). Curiously, L. sulphureus showed the secretion of higher number of 
mannosidases than xylanases, even in grass cultivation (SCB) (Table 1). The diverse behavior 
demonstrated on the different substrates are probably related to the structural composition of 
grasses, which contain hemicellulose structures varying in mannan and xylan composition, 
thus altering the L. sulphureus enzymatic repertoire, mainly in relation to the GH families 
(COUTURIER et al., 2015).  
 Detoxification response in brown rot fungi occurs through the secretion of 
reductases and dehydrogenases (COUTURIER et al., 2015; WYMELENBERG et al., 2010). 
Investigating the non-CAZymes proteins, the positive regulation of these enzymes, also the 
secretion of proteases and peptidases, suggesting that the fungi adjust its metabolism to a 




mainly oxidoreductases and dehydrogenases, were abundantly secreted by L. sulphureus 
(Figure 2A and Table 1) emphasizing that a dehydrogenase was one of the two proteins 
commonly identified in all secretomes, despite its negative regulation (Table 1). 
 Despite the narrow variety of enzymatic activities and the observed low activity 
levels (Figure 3B), the potential for biomass degradation was analyzed by the enzymatic 
saccharification of SCB (Figure 4). A study using Celluclast® and SCS showed only 30% of 
conversion with an enzymatic load twice as high as that employed in this work. Besides, the 
final sugars concentrations (g/L) demonstrated in Silva and colleagues study was two times 
higher (SILVA et al., 2019). These results showed difficulty in biomass conversion exposed 
to steam explosion pretreatment, in addition to low Celluclast® efficiency without commercial 
enzymes addition. Also, the lower glucan conversion results (Figure 4) were similar that 
already reported for Gurram and colleagues using whole slurry biomass for hydrolysis 
(GURRAM et al., 2011). The hypothesis was associated with the increase of phenolics 
hydrophilicity and the reduction of their affinity for cellulase binding, as well as a smaller 
area exposed to cellulose (ZHAI; HU; SADDLER, 2018). In other hand, several studies 
showed that whole slurry biomass pre-treatment could increase glucan conversion though the 
generation of soluble hemicellulose residues, making the cellulose less accessible and 
contributing to xylan conversion (CHANDRA et al., 2015; LARSEN et al., 2018). Possibly, 
the initial high glucan conversion (Figure 4B) can be attributed to oxidative mechanisms and 
partial demethylation of aromatic rings (MASARIN et al., 2016) caused by the abundance of 
oxidases in the L. sulphureus secretome (Figure 2A and Table 1). Oxidation increases 
phenolic hydroxyl content by introducing new carbonyl and carboxyl groups (BRENELLI et 
al., 2018), thus facilitating initial cellulose conversion. Hemicellulose coating cellulose 
microfibrils forms a physical barrier limiting biomass accessibility, hampering the enzymes 
access to the lignocellulosic substrate and negatively affect the biomass conversion 
(MONRROY et al., 2011). The increased biomass conversion observed in the assays 
supplemented with BSA (Figure 4) corroborate the findings that BSA act by reducing non-
specific adsorption of cellulases into lignin, allowing the cellulases to remain available for 
reactions (PALONEN, 2004; YANG; WYMAN, 2006). 
5. Conclusions 
The use of proteomic approaches allowed the identification of different proteins 




enzymes, mainly oxidative enzymes, in order to degrade cellulose, hemicellulose, lignin and 
pectin. Highlighting the presence of AA3, GH18, GH3 also the absence of carbohydrate 
esterases. Among the non-CAZYmes emerge the presence of oxidases, esterases and 
dehydrogenases, evidencing the oxidative metabolism of brown rot fungi. The higher 
enzymatic secretion occurs in SCB submerged cultivation. L. sulphureus also showed ability 




Capítulo 3. Exploring carbohydrate-active enzymes in the white rots P. coccineus and T. 
versicolor secretomes 
Os dados apresentados neste capítulo estão organizados na forma de manuscrito, o 
qual se encontra em processo de elaboração. O capítulo inicia-se apresentando os resultados 
obtidos nos ensaios de crescimento das linhagens de P. coccineus e T. versicolor nos cultivos 
em diferentes carboidratos: glicose, arabinose, ácido galacturônico, xilose, lactose, celobiose e 
galactose, bem como o consumo de glicose durante o crescimento em meio líquido por 7 dias. 
Estes experimentos tiveram como objetivo avaliar o metabolismo dos basidiomicetos de 
podridão branca e sua capacidade de crescimento em diferentes fontes de carbono, tendo 
como referência A. niger, representante do filo Ascomycota, já conhecido por ser utilizado 
como modelo de estudos no laboratório.  
O conjunto de proteínas secretadas (secretoma) pelos dois fungos, quando 
cultivados em diferentes substratos, incluindo biomassas vegetais tais como SCB, SCS e 
Eucalyptus, foram analisados por espectrometria de massas (LC-MS/MS). Os dados 
evidenciaram o arsenal enzimático de CAZymes empregado na degradação de fontes de 
carbono complexas, a fim de elucidar o mecanismo empregado para desconstrução da parede 
celular vegetal e encontrar possíveis alvos para estudos futuros. Nesse contexto, 8 LPMOs 
foram selecionadas (3 oriundas de P. coccineus e 5 de T. versicolor) para expressão 
heteróloga em A. nidulans.  
As diferenças e eficiências frente aos diferentes arsenais enzimáticos foram 
avaliados em ensaios de atividade em diferentes substratos. A condição de cultivo que gerou a 
melhor performance em termos de atividade enzimática foi também a que apresentou maior 
secreção de proteínas totais, definida assim como a melhor para cada basidiomiceto. Neste 
sentido, foram definidos os cultivos em Avicel® e SCB como as melhores condições para 
obtenção dos secretomas de P. coccineus e T. versicolor, respectivamente. Estes secretomas 
foram então combinados com o coquetel enzimático comercial Celluclast® para realizações de 







The major constituents of lignocellulose are cellulose, hemicellulose and lignin. A 
small amount of pectin and also nitrogen compounds are present in feedstocks (LUDWIG et 
al., 2018; MENON; RAO, 2012). Diverse biomass origins indicate different amounts of 
compacts constituents (PAULY; KEEGSTRA, 2008). Many efforts have been made to 
develop efficient trails for breakdown biomass in chemicals building blocks (CHOI et al., 
2015; MENON; RAO, 2012; PELLIS et al., 2016; SÁNCHEZ, 2009). The development of 
these building blocks requires chemical processes mainly a pretreatment to disrupt the lignin 
in order to make the polysaccharides more accessible and to reduce the cellulose crystallinity 
(GILBERT et al., 2003). 
Fungi are capable to almost completely turn over plant biomass (NEVALAINEN; 
PETERSON, 2014), and mainly wood decay fungi provide genes and proteins with important 
roles in lignocellulose degradation (RAY et al., 2012; RILEY et al., 2014). The differences in 
wood decay fungi are due to inhabiting a wide range of ecological niches and colonizing 
various substrates, such as conifers, deciduous trees, forest litter, crops, grassland soils, and 
roots of plants. Wood degrading basidiomycetes are essential components of the global 
carbon cycle, and decay mechanisms are important for understanding forest ecosystem 
function (PRESLEY et al., 2018).  
An increasing number of genomes have been sequenced and annotated aiming to 
analyze and understand fungal physiology and search for efficient enzymes in industrial 
applications (RYTIOJA et al., 2014). Omics approaches have shown that white rot fungi are 
capable to decompose all the compounds of plant cell wall, including lignin (LUDWIG et al., 
2018; SÁNCHEZ, 2009). The decomposition is attributed to an extensive collection of 
extracellular hydrolytic enzymes including cellulases and hemicellulases, and also oxidative 
enzymes such as lytic polysaccharide monooxygenases (LPMOs), important in 
polysaccharide degradation, in addition to lignin and manganese peroxidases (LiP and MnP, 
respectively) acting to depolymerize lignin and open phenyl rings (KIRK et al., 1991; 
MIYAUCHI et al., 2018; RYTIOJA et al., 2014).  
According to the CAZy database, three LPMOs from the white rots 
Heterobasidion irregulare, Lentinus similis and Phanerochaete chrysosporium and two from 
brown rot Gloeophyllum trabeum were characterized. The discovery of LPMOs originated the 
AA class composed by the new families AA9, A10, AA11, AA13, AA14, and the very recent 




2018; SABBADIN et al., 2018). Their mode of action on lignocellulose biomass show that 
polysaccharide oxidation is accompanied by the reduction of molecular oxygen atoms in 
water (TANDRUP et al., 2018). They participate in glycosidic bonds break by an oxidative 
mechanism involving molecular oxygen (or hydrogen peroxide) and an electron donor, 
resulting in the formation of powerful oxidative species. The electron donors may be 
enzymatic (CDH) or non-enzymatic (ascorbate and phenolic compounds derived from lignin, 
among others) (KADOWAKI et al., 2018). 
The cleavage catalyzed by LPMOs results in products with chain ends oxidized at 
positions C1, C4 or C1/C4 (HU et al., 2013) and recently it was discovered that C6 can be 
also oxidized (LOOSE et al., 2018; CHYLENSKI et al., 2017).  
The cleavage is related as a very important aspect of LPMO because it relates to the 
characterization of the target substrate range. Excepting the LPMOs from family AA13 which 
are active on starch, almost all reported LPMOs present activity on cellulose (Avicel® or 
PASC), N-acetyl-glucosamine (chitin) and soluble polysaccharides such as β-glucans, 
xyloglucan and even oligosaccharides (CHEN, CHEN et al., 2018; FRANDSEN et al., 2016; 
KADOWAKI et al., 2018; TANDRUP et al., 2018). 
In this work, a proteomic approach was used to investigate the enzymatic arsenal 
of CAZymes from P. coccineus and T. versicolor, focusing on the search of novel AA9 
LPMOs. In addition, it was evaluated the growth and protein secretion pattern of both white 
rot fungi grown on different lignocellulosic substrates. The secretomes obtained in selected 
cultivation conditions were then used individually or in combination with a commercial 
enzymatic cocktail in saccharification assays to evaluate biomass conversion. The results 
provide a global understanding of the strategies employed by these microorganisms in the 
degradation of different lignocellulosic substrates and allowed to raise a series of target 
LPMOs.  
2. Material and Methods 
2.1 Strains maintenance 
P. coccineus ATCC 32258, T. versicolor and A. niger N402 (ATCC 64974) were 
routinely maintained on potato dextrose agar (PDA) and minimal medium (MM) 




2.2 Growth analysis 
Carbohydrate metabolism: mycelial disc was excised from the border of the 
colony growing on PDA (potato dextrose agar) and transferred to the center of a Petri dish 
containing MM supplemented with 1% (w/v) of the following substrates: glucose, arabinose, 
galacturonic acid, xylose, lactose, cellobiose and galactose. The model ascomycete A. niger 
was used as a reference. Cultivation was carried out in triplicate at 30 ºC for 6 days. Growth 
rates calculation were based on the daily measurement of colony diameters. 
Glucose consumption: P. coccineus and T. versicolor were cultivated in 250 mL 
Erlenmeyer flasks containing 50 mL of MM pH 5.5 supplemented with 1% (w/v) glucose for 
7 days at 25 °C and 130 rpm. A. niger was grown for 4 days at 30 ºC and 130 rpm. Samples 
were taken at 6, 12, 24, 48, 72, 96 and 120 h of cultivation, and residual glucose was released 
by HPLC. Cultivation was performed in triplicate.  
2.3 Sugarcane bagasse pretreatment 
Steam-exploded sugarcane bagasse (SCB) was kindly provided by the Laboratory 
of Genetics and Expression (LGE - UNICAMP). Biomass were prepared as previously 
described (ROCHA et al., 2012) and the chemical compositions were determined according to 
the NREL (SLUITER et al., 2011). SCB was composed by 45.3% cellulose, 10.8% 
hemicellulose, 38% lignin and 5% ash. 
2.4 Proteomics  
2.4.1 Cultivation 
Pre-inoculum: P. coccineus and T. versicolor were grown on Petri dishes 
containing PDA pH 5.5 at 25 °C. After 7 days of cultivation, 6 mycelium discs (8 mm 
diameter) were excised from the colony border and transferred to 250 mL Erlenmeyer flasks 
containing 50 mL of liquid medium composed by ammonium acetate (0.5 g/L), sodium nitrate 
(0.5 g/L), magnesium sulfate (0.5 g/L), dibasic sodium phosphate (0.2 g/L), monobasic 
potassium phosphate (0.8 g/L), yeast extract (4 g/L) and glucose (10 g/L). The pre-inoculum 
was grown for 5 days at 25 °C and 130 rpm. 
Submerged cultivation: pre-grown mycelia were removed by filtration, washed 
with distilled water and manually grinded with 2 g of glass beads. The grinded mycelia were 
then carefully transferred to 250 mL Erlenmeyer flasks containing 50 mL MM pH 5.5 




carbon sources Avicel® or glucose. Cultivation was carried for 7 days at 25 °C and 130 rpm. 
Each culture condition was performed in triplicate.  
2.4.2 Sample preparation 
Culture supernatants (secretomes) were filtered with Miracloth (Millipore), 
centrifuged (13,000g, 20 min, 4 °C) and concentrated using 10 kDa cut-off Amicon 
Centrifugal Filter Units (Millipore).  
2.4.3 Mass spectrometry 
Samples partially resolved on SDS-PAGE were excised from the gel following a 
reduced gel extraction protocol and digested with 20 mg/ml trypsin (Promega) 
(SHEVCHENKO et al., 1996). After extraction of the peptides, samples were dried under 
vacuum. Peptide mixtures were analyzed in LTQ Velos Orbitrap-activated ETD mass 
spectrometer (Thermo Fisher Scientific) coupled with an EASY-nLC system (Proxeon 
Biosystems) and a Nanoelectrospray Proxeon ion source. Peptides were separated with 
acetonitrile in a 2-90% gradient of 0.1% formic acid using a PicoFrit analytical column (20 
cm × ID75 μm, 5 μm particle size) at 300 nL/min flow rate for 60 min. The nanoelectrospray 
voltage was adjusted to 2.2 kV, and the source temperature was 275 °C. The methodology 
used in the LTQ Velos Orbitrap instrument was standardized for data acquisition based on 
dependent values. Full-scan MS spectra (m/z 300-1600) were obtained from the Orbitrap 
analyzer after accumulation to a target value. The Orbitrap resolution was set at r = 60,000. 
The 20 most intense peptide signals with states of charge ≥2 were sequentially isolated at a 
target value of 5000 and fragmented into trap ion by low energy CID (35% normalized 
collision energy). The signal limit for triggering an MS/MS event has been set to 1000 counts. 
The dynamic deletion was enabled with an exclusion size list of 500, exclusion duration of 60 
s, and repeat count of 1. Activation q was 0.25 and activation time of 10 ms. The raw data 
were converted to a peak list format (mgf) using Mascot Distiller v.2.3.2.0 software (Matrix 
Science Ltd.). The following parameters were used: carbamidomethylation as fixed 
modification, oxidation of methionine as variable modification, trypsin cleavage error and 
maximum permissible error in the peptide mass of 0.1 Da (RUBIO et al., 2016). 
2.4.4 Data analysis 
 Spectra data were annotated based on the P. coccineus BRFM 310 and T. 
versicolor v1.0 genomes available at Joint Genome Institute (JGI). The adjusted conditions to 




different peptides identifying a protein, each one with 95% certainty and 0.0% of false 
discovery rate (FDR) from P. coccineus and 0.4% from T. versicolor. For the mass 
spectrometry data analysis, the spectral counting in a semi-quantitative method was set. 
Spectra counts are equivalent to the total number of standard spectra assigned to each protein 
and are commonly used to determine their relative abundances (KELLER et al., 2002; 
NESVIZHSKII et al., 2003). As the spectra counting methodology was used for analysis, the 
FDR was designated as one of the parameters to determine the reliability of experimental 
data. The FDR was defined as the expected correspondent percentage of each peptide 
spectrum (KÄLL et al., 2008). Initially, a score was designated to each peptide (primary 
analysis) performed with Mascot Distiller software. Subsequently, Mascot data was analyzing 
with Scaffold 4 Proteomic software attributing the number of spectra to the abundance and the 
FDR to the reliability of the results. Using the media of the number of spectra outputs from 
Scaffold 4, differentially secreted proteins were identified according to their spectra counting 
and quantitative values were applied to normalize the counts. The statistical analysis of the 
spectra was performed by the t-test (p ≤0.05) and fold change by category, using the data 
obtained from cultivation in glucose as standard. 
GO terms were analyzed and identified in the topGO platform using the following 
online tools: basic local alignment search (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi), 
PFAM (https://pfam.xfam.org/) and MEROPS (https://merops.sanger.ac.uk/). Parameters used 
to run BLASTp were: E-value ≤ 40, identity ≥ 40%, and consultation coverage ≥ 80%. 
Classification of CAZymes and carbohydrate-binding modules (CBM) was performed on 
dbCAN web resource (csbl.bmb.uga.edu/dbCAN). The minimal required condition to 
establish an individual classification was the presence of three or more representative 
members. The presence of signal peptide was verified using SignalP (version 4.1, Server-
CBS; www.cbs.dtu.dk/services/SignalP) (SCHNEIDER et al., 2016). 
2.5 Activity on different substrates 
Enzymatic assays were performed using 50 μL of the following substrates: 5 mM 
4-nitrophenyl β-D-cellobioside, 4-nitrophenyl β-D-xylopyranoside and 4-nitrophenyl β-D-
glucopyranoside and 0.5% (w/v) polygalacturonic acid, starch, xylan from beechwood 
(Sigma-Aldrich), wheat arabinoxylan, β glucan and galactomannan (Megazyme). Assays were 
performed using 1 μg of total protein from the concentrated secretomes in 50 mM ammonium 
acetate buffer pH 5.5 at 50 ºC. Assays with L. sulphureus secretomes were performed for 240 




polymeric substrates were stopped with 100 μl of 3,5-dinitrosalicylic acid (DNS) and the 
released reducing sugars were measured at 540 nm (MILLER, 1959). Assays with the 
synthetic substrates were stopped with 100 μl of 1 M sodium bicarbonate and the released 4-
nitrophenolate was measured at 405 nm. All assays were performed in triplicate. 
2.6 Enzymatic saccharification 
Enzymatic saccharification of SCB (50 mg) was performed using 16 mg/g (1 mg 
total) of the concentrated secretome of P. coccineus grown in Avicel®, T. versicolor grown in 
SCB, bovine serum albumin (BSA) and Celluclast® (Novozymes, Bagsværd, Denmark) 
combinate with 5 FPU of Celluclast®/g of SCB (equivalent to 11 FPU per gram of cellulose) 
in 50 mM sodium citrate buffer pH 4.8. The experiment was performed on a Thermo mixer 
with 1000 rpm and 50 °C up to 72 h. Assays were performed in triplicate, the assays with only 
Celluclast® (5 FPU) were used as standard and the sugars were measured by HPLC. FPAse 
activity was assayed according to Eveleigh and colleagues with modifications proposed by 
Camassola and colleagues (CAMASSOLA; DILLON, 2012; EVELEIGH et al., 2009). The 
percentage of biomass conversion (%) were calculated using the amount of glucan/xylan 
content in biomass (pretreated/native) i.e, concentration of the monomeric sugars multiplied 
for the respectively anhydro correction and divided by the respectively concentration of the 
corresponding polymeric sugars content. An anhydro correction of 1.13 (or 150/132) for C-5 
sugars (xylose and arabinose) and a correction of 1.1 (or 180/160) for C-6 sugars (glucose, 
galactose, and mannose) were used. This calculated was performed according Selig and 
collegues and Sluiter and collegues (SELIG; WEISS; JI, 2008; SLUITER et al., 2011) with 
modification proposed by Brenelli and collegues (BRENELLI et al., 2018). 
2.7 HPLC analysis 
Glucose, xylose and cellobiose concentrations were quantified by HPLC Accela 
(Thermo Fischer Scientific, USA) equipment with RI detector (Thermo Fischer Scientific, 
USA), using HyperREZ XP (Thermo Fischer Scientific, USA) column at 65 ºC and 5mM 
H2SO4 as mobile phase at 0.6 mL/min. 
2.8 Protein assay and SDS-PAGE 
Protein concentration was measured with the Pierce BCA Protein Assay kit 
(Thermo Scientific) using BSA as standard. Concentrated secretomes (20µg) were separated 




3. Results  
3.1 P. coccineus and T. versicolor growth in non-glucose saccharides 
In a preliminary assay, the P. coccineus and T. versicolor primary metabolisms 
were investigated by growing the strains on agar plates with different substrates using as 
reference the ascomycete A. niger and their respective growth in glucose. All strains were 
able to grow on different mono- and disaccharides, however, the phenotype was different 
during growth in certain substrates (Figure 1). A. niger displayed a whiter color at the colony 
border during growth on galacturonic acid and lactose. P. coccineus also displayed the same 
white color phenotype on cellobiose, glucose and galactose as well as T. versicolor on 
cellobiose. An apparently sparse mycelium was observed for P. coccineus during growth in 
glucose and arabinose, whereas T. versicolor showed similar phenotype in glucose, arabinose, 
galacturonic acid, xylose, and galactose (Figure 1A). 
All the strains showed similar growth rate in almost all carbohydrates. A. niger 
growth rates in galacturonic acid, xylose and cellobiose were very similar to that observed in 
glucose, whereas it was strongly reduced (by more than 90%) in galactose (Figure 1B) and 
partially absent in arabinose. P. coccineus presented the same growth rate in the different 
carbohydrates, despite the phenotypic differences (Figure 1C), while T. versicolor showed 
partially reduced growth rate during growth in galacturonic acid and cellobiose (by 
approximately 30 and 20%, respectively) (Figure 1D). Additional data analysis was 
performed comparing A. niger with the respectively white rot basidiomycetes using growth 
rate in function of time. P. coccineus (Figure 1E) and T. versicolor (Figure 1F) were showed 
a similar pattern of growth rate, i.e. equally grown rate in all non-glucose saccharides and 
higher and exclusive ability to grow on lactose and galactose, respectively. 
The time-course of A. niger growth revealed that at 12 h the glucose amount was 
almost depleted, although its complete exhaustion was observed at 24 h. P. coccineus and T. 
versicolor actively consumed glucose during 120 h of cultivation, however its complete 
exhaustion occurred only after 144 and 168 h, respectively (Figure 1G). From these data, 
questions regarding the biological behavior of these basidiomycetes in complex and 
polymeric carbon sources emerged. In order to elucidate these questions, a proteomic analysis 




Figure 1. Analysis of P. coccineus, T. versicolor and A. niger growth on different 
carbohydrates. (A) Images of P. coccineus, T. versicolor and A. niger colonies growing for 6 
days on agar plates supplemented with different carbohydrates. (B) Growth rate of A. niger 
(C), P. coccineus (D) and T. versicolor (D) estimated by colony diameter measurement in 
relation to glucose rate and comparing with A. niger in relation to diameter per hour (cm/h) (E 
and F). (G) Time-course of glucose consumption during A. niger, P. coccineus and T. 
versicolor growth in liquid medium. Growth rates were compared by multiple test (two-way 




(asterisks correspond to statistically significant mean values, p ≤0.05). Residual glucose was 
measured using HPLC. 
3.2 Remarkable enzymes secreted by P. coccineus  
A total of 163 proteins were identified from 7,910 total spectra in the P. coccineus 
secretomes. Among them, 85 CAZymes (54%), 30 peptidases or proteases (18%), 3 oxidases 
(2%), 4 esterases (2%), 12 hypothetical proteins (7%) and 28 proteins were grouped as other 
enzymes (17%) (Figure 2A and Table 1).  
The glycoside hydrolase (GH) class was predominant among the secreted 
CAZymes followed by auxiliary activities (AA) and carbohydrate esterases (CE) (Figure 
2A), comprising 41% (66 proteins), 9% (14 proteins) and 2% (3 proteins) of the total secreted 
CAZymes, respectively. 1 pectate lyase was also identified as well as 1 CBM1 non-appended 
to a catalytic domain (Table 1). 
Regarding the distribution of GHs in different families, GH18 were especially 
abundant in the P. coccineus proteomics (Figure 2B), comprising 8 members with predicted 
chitinase activity (accession numbers 1424871, 1428287, 1433997, 1434821, 1445051, 
1447824, 1456924 and 1463186). GH5 was also abundant with 7 members, and the subfamily 
5 was the most representative with 3 endo-β-1,4-glucanases (ACNOs 1375024, 1429791 and 
1434718). 5 GMC oxidoreductases members belonging to family AA3 were identified: 1 
AA3_1 cellobiose dehydrogenase (CDH) (ACNO 1401955), 2 AA3_2 glucose 1-oxidase 
(ACNOs 1432108 and 1465734) and 2 AA3_4 pyranose 2-oxidase (ACNOs 1440372 and 
1471985) (Figure 2C). Members of the CE class were represented by CE1 acetyl xylan 
esterase (ACNO 1377173), CE15 4-O-methyl-glucuronoyl appended to CBM1 (ACNO 





Figure 2. Overview of identified proteins in P. coccineus secretomes. General proteins and 
CAZymes classification (A); GHs representing more than 2 % of the total (B); AAs (C) and 
CEs (D). Venn diagrams grouping statistically significant proteins (E) and upregulated 
proteins (F) secreted in the different substrates. 
The differences in the enzymatic arsenal and the mechanism of lignocellulose 
degradation performed by P. coccineus were clearly analyzing the secretion regulation in all 




secreted, of which 15 were present in all secretomes and 7 were up-regulated in all conditions. 
Among the up-regulated enzymes 5 were CAZymes, representing the families GH3 (ACNO 
141166), GH6 (ACNO 1357326), GH7 (ACNO 1424818), GH10 (ACNO 1435885) and AA8 
(ACNO 1401955). The only non-CAZyme protein found in all secretomes was an aldose 1-
epimerase (ACNO 1368320) (Figure 2E and F and Table 1). 
The secretome obtained from cultivation in Avicel® presented the highest number 
of statistically significant enzymes, comprising 13 exclusive hits (17% of the total) (Figure 
2E), with 5 up-regulated enzymes (Figure 2F). The up-regulated enzymes on Avicel® 
corresponded to GH53 endo-β-1,4-galactanase (ACNO 1467772), GH79 β-glucuronidase 
(ACNO 1468712), GH131 exo-β-1,3/1,6- glucanase, CE1 acetyl xylan esterase (ACNO 
1363671) and PL8 chondroitin AC lyase (ACNO 1466845) (Table 1). In addition, all the 6 
proteins identified in the SCS secretome presented positive regulation (Figure 2E and E and 
Table 1). Secretion of a fewer number of proteins occurred in cultivation on SCB, and 3 out 
of 4 exclusively secreted enzymes (Figure 2F) presented statistical significance in their 




Table 1: Total of proteins identified and stattistically significant in the secretomes of Pycnoporus coccineus in different carbon sources and pretreated biomass. 











































































































































1404940|ExtPlusC60258 57 GH3/CBM1 + β- glucosidase PF00135.27 2 1 2 2 3 2 2 5 7 2 0 1 2 1 2 (+1)   (+1) 
1411666|ExtPlusC230045 111 GH3 + β- glucosidase PF00190.21 9 5 5 5 3 5 4 2 10 5 6 3 6 3 8 (+1) (+1) (+1) (+1) 
1434274|424238133509 81 GH3/CBM1 + β- glucosidase PF00150.17 0 2 2 1 0 0 0 0 1 0 0 1 2 2 1 (-1) (-1)  (-1) 
1430584|1kg3207102116631 60 GH30_3  β-1,6-glucanase  0 1 1 0 0 1 1 2 5 4 0 2 1 1 3    (+1) 
1426153|1pg2883 52 GH31 + α-glucosidase  0 0 0 1 1 2 3 0 7 2 3 3 3 2 2     
1468129|1563 46 GH31 + α-glucosidase PF16862.4 3 4 1 1 2 3 8 5 17 4 3 3 3 2 2 (-1) (-1) (-1) (-1) 
1432550|1kg813981021064 70 GH5_15/CBM5 + Glycosyl family 5  1 1 1 2 0 0 0 0 0 1 0 0 2 2 1     
1375024|1521651 37 GH5_5 + Endo-β-1,4-glucanase PF01670.15 6 5 5 17 17 17 25 21 60 31 31 38 29 25 24 (+1) (+1)  (+1) 
1429791|50820008048 82 GH5_5 + Endo-β-1,4-glucanase PF03022.15 3 3 3 3 5 2 3 5 18 7 3 6 3 4 4  (+1)   
1434718|617217889167 47 GH5_5 + Endo-β-1,4-glucanase PF00394.21 0 0 0 3 0 4 0 2 2 0 0 1 4 1 5 (+1) (+1)  (+1) 
1359888|146211 49 GH5_7/CBM5 + Glycosyl family 5 PF03198.13 0 1 0 1 1 1 0 2 2 1 0 1 2 2 2 (+1) (+1)   
1388575|Ext50352 49 GH5_7/CBM5 + Glycosyl family 5 PF00840.19 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0     
1425475|1pg2229 49 GH5_9 + Glycosyl family 5 PF09286.10 1 0 0 0 1 0 0 2 2 0 0 0 0 1 1     
1377179|1661261 41 GH55/CBM1 + Glucanase PF00149.27 7 5 3 4 5 7 4 12 23 7 7 8 6 10 8     
1357326|1111301 50 GH6 + Cellobiohydrolase  3 5 3 7 5 7 4 4 12 7 14 12 6 4 4 (+1) (+1) (+1) (+1) 
1366028|116711 57 GH7 + Cellobiohydrolase PF00394.21 1 1 3 3 2 6 3 2 8 2 1 1 3 2 3 (+1) (+1)  (+1) 
1389216|Ext70303 44 GH7/CBM1 + Cellobiohydrolase PF07971.11 0 0 0 0 1 1 2 0 5 0 0 0 0 0 1 (+1) (+1)  (+1) 







1377173|166741 57 CE1 + Acetyl xylan esterase  1 0 3 2 2 2 2 0 3 2 4 3 1 2 0 (+1)    
1382173|ExtC3t20121 50 CE10/CBM1  Carboxylesterase family PF00150.17 0 2 3 1 1 2 2 0 2 0 0 0 0 1 2     
1405174|ExtPlusC6t20004 37 CE10/CBM1 + Carboxylesterase family PF09286.10 0 0 0 0 0 1 0 1 1 4 3 0 1 0 0     
1453798|C430008 40 CE10 + Carboxylesterase family PF07971.11 1 2 2 2 1 1 0 1 1 0 0 0 1 1 0     




1470260|1776 42 CE15/CBM1 + 4-O-methyl-glucuronoyl methylesterase  0 0 0 0 2 0 0 2 2 1 0 0 1 2 1 (+1) (+1) (+1) (+1) 
1373375|144171 43 CE16 + Acetylesterase PF07971.11 0 1 1 1 1 1 2 2 12 2 0 2 6 2 1     
1377444|1681331 57  + Calcineurin-like phosphoesterase  1 0 0 0 1 0 0 1 1 1 0 2 0 1 0     


















1419320|ExtPlusC640121 112 GH10 + Endo 1,4 β-xilanase  2 1 2 3 1 2 1 5 7 6 1 5 2 2 3 (-1) (-1)  (-1) 
1426850|1pg388 26 GH10 + Endo 1,4 β-xilanase PF00704.27 0 0 0 0 1 0 3 0 7 4 3 5 2 2 0 (+1)   (+1) 
1435885|1kg231827235567 56 GH10 + Endo β-xilanase PF16862.4 8 12 8 10 11 6 8 4 15 1 1 0 12 16 12 (+1) (+1) (+1) (+1) 
1437837|1kg381323746596 61 GH10 + Endo β-xilanase  1 0 0 8 5 5 18 18 49 25 42 35 16 7 8 (+1) (+1)  (+1) 
1426831|1pg3753 28 GH115/CBM1 + Glucuronidase PF00331.19: 1 0 0 1 1 1 1 1 4 2 1 2 1 1 2     
1375723|156661 36 GH12 + Endoglucanase PF10503.8 7 5 8 3 6 4 4 2 9 4 8 13 4 9 6 (+1) (+1)  (+1) 
1373549|145951 61 GH125 + Exo-α-1,6-mannosidase PF03443.13 1 0 1 3 3 2 4 2 9 2 7 7 3 2 7 (-1)    
1464770|1227 78 GH131 + Endo β 1,4 Glucanase PF00732.18 0 0 0 0 0 0 4 2 8 0 0 0 0 0 0 (+1) (+1)   
1467772|1528 45 GH131 + Exo-β-1,3/1,6-glucanase  1 0 1 2 1 0 1 1 4 5 1 1 1 1 1 (+1)    
1442230|1pm3304 35 GH16  Endo-1,3(4)-β-glucanase PF09286.10 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0     
1445175|1pm2113 36 GH16 + Endo-1,3-β-glucanase PF02102.14 7 5 6 2 7 10 6 7 24 11 8 9 5 6 8 (-1) (-1) (-1) (-1) 
1473510|1C20176 48 GH16  Endo-1,3-β-glucanase  0 0 0 0 1 3 0 1 4 1 1 3 2 2 0   (+1)  
1431843|1kg6153119714038 87 GH27 + α- galactosidase PF00732.18 1 2 3 4 3 3 4 7 30 9 18 20 10 13 7    (+1) 
1440257|1kg673296317734 51 GH27/CBM1  α- galactosidase  3 4 1 3 0 2 2 0 6 0 0 0 1 2 1    (+1) 
1369367|1263001 47 GH47/CBM35  α-mannosidase PF00190.21 6 6 8 5 8 13 8 10 31 16 17 9 7 3 6     
1357629|124201 85 GH51 + Arabinofuranosidase PF14587 0 0 0 0 3 2 4 6 14 0 0 0 10 1 3     
1363671|1112221 89 GH53 + endo-β-1,4-galactanase PF17168.3 2 4 3 8 5 6 7 9 20 0 0 0 10 6 3 (+1)    
320973|CE32097275054 91 GH76 + α-1,6-mannanase PF10282.8 10 15 19 10 4 5 4 4 10 5 3 6 4 5 5 (-1) (-1)   










1356397|119291 15  + Hypothetical PF01341.16 1 2 1 3 1 2 3 5 8 2 0 1 3 2 2     
1364528|1122341 76  + Hypothetical  13 9 9 10 10 13 9 7 23 1 3 2 13 12 10 (-1)    
1369309|126521 52   Hypothetical PF01532.19 0 1 2 3 4 3 2 4 8 1 0 0 1 2 2     
1378664|184291 43  + Hypothetical PF07470.12 34 41 31 20 16 16 16 6 32 1 1 5 8 16 14     
1428593|1pg6924 73   Hypothetical  0 2 0 1 0 1 3 2 11 2 1 3 5 3 2     




1433845|35156230061 39  + Hypothetical  15 3 8 1 5 3 2 1 11 1 0 0 6 2 3 (-1) (-1)  (-1) 
1434777|62311501122 58  + Hypothetical  0 1 2 2 4 2 2 4 6 6 3 3 1 2 3     
1450700|C90111 9  + Hypothetical PF00394.21 1 2 0 3 3 2 4 0 4 4 3 6 3 2 2     
1471500|1900 31   Hypothetical  2 1 1 1 3 2 2 4 10 4 4 2 0 2 3     
1513135|MIX31100925929 36  + Hypothetical PF07971.11 0 0 0 0 0 0 1 0 2 0 1 2 0 0 0     






1472584|11009 73 CBM1 + Carbohydrate Binding Module PF03935.14 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0     
1497577|MIX155421118517 34 GH13_15 + Malto-oligosyltrehalose synthase PF00723.20 0 2 3 1 0 3 2 1 6 2 0 1 3 3 3     
1424871|1pg1723 45 GH18 + Chitinase  0 0 0 2 1 0 2 1 3 0 0 1 3 2 5 (-1) (-1) (-1) (-1) 
1428287|1pg6224 52 GH18 + Chitinase  0 1 0 0 1 0 0 1 1 0 0 0 0 1 2 (-1)    
1433997|320325660611 56 GH18/CBM1 + Endo Chitinase  0 0 0 0 0 0 0 1 4 0 0 0 0 0 0     
1434821|73221877247 25 GH18 + Endo Chitinase  8 6 9 6 7 13 5 6 18 0 0 1 6 6 8 (-1) (-1) (-1) (-1) 
1445051|1pm1998 55 GH18/CBM1  Chitinase  1 3 3 2 3 2 1 2 9 0 0 0 4 3 4     
1447824|1pm627 48 GH18 + Chitinase  9 14 12 15 20 19 17 2 23 1 0 1 22 21 15 (-1) (-1) (-1) (-1) 
1456924|ExpgC60050 38 GH18 + Chitinase PF00445.17 0 0 0 2 2 0 1 5 7 4 3 5 1 2 1 (-1) (-1)  (-1) 
1463186|169 45 GH18 + Chitinase  3 5 3 4 5 2 7 11 22 2 1 6 2 5 9 (-1) (-1)   
1418425|ExtPlusC580016 85 GH20 + β-hexosaminidase PF00295.16 1 1 0 0 2 0 2 0 5 4 3 2 1 2 0     
1471070|1857 96 GH25 + Lysozyme  6 1 1 2 2 4 5 5 18 2 0 2 3 4 2     
1357645|121111 47 GH30 + Glycosyl hydrolase Family 30 PF07250 2 1 1 0 1 1 1 0 1 1 4 0 1 0 1     
1480891|1C580023 47 GH37 + Trehalase PF07250.10 0 1 1 0 2 0 0 0 0 0 0 0 3 0 1     
1361311|163351 89 GH72 + β-1,3-glucanosyltransglycosylase PF00450.2 0 0 0 1 0 1 1 0 1 0 0 0 1 0 2     
1365564|1154241 85 GH74 + Xyloglucanase PF00840.19 13 8 5 4 9 7 8 7 26 30 25 18 5 7 4 (+1)  (+1) (+1) 
1435894|1kg232738243483 89 GH79 + β-glucuronidase PF00450.21 72 72 72 31 41 49 31 22 91 5 0 0 19 28 30    (+1) 
1468712|1622 81 GH79 + β-glucuronidase  0 1 0 0 0 0 0 0 0 2 0 1 0 0 0 (+1)    
1378812|188191 42 GH88 + β-glucuronyl hydrolase  3 2 3 5 3 2 2 10 13 2 1 3 3 2 2     
1373467|1441981 36 GH92/CBM20 + Glycosyl hydrolase Family 92 PF00199.18 5 7 7 6 12 3 5 27 38 6 3 6 14 10 15     
1390886|ExtC230048 37 GH92/CBM20 + Glycosyl hydrolase Family 92  0 1 2 0 0 0 0 0 0 10 0 0 1 0 0     
1453868|C440029 14 GH92 + Glycosyl hydrolase Family 92 PF00704.27 0 0 0 0 0 0 2 0 2 1 0 2 2 1 0     




1443101|1pm7110 53 GH95  Glycosyl hydrolase Family 95  0 1 2 3 2 2 1 2 5 1 1 2 2 2 4     
1466845|1435 81 PL8 + Chondroitin AC lyase  2 6 5 5 5 3 4 1 7 0 0 0 4 5 6 (+1)    
1357476|127521 61  + Pro-kumamolisin domain PF06964 1 0 0 3 1 4 0 5 6 10 21 12 3 2 1     
1370680|1311021 19  + Cupin- Cupin PF00857.19 0 0 0 0 2 0 1 5 6 1 1 1 0 3 0     
1370744|1312141 26   Isocchorismatase  0 0 1 1 3 3 0 4 7 0 0 0 2 2 4  (+1)   
1371414|1342531 49   Traumatin  0 1 1 1 0 0 0 0 3 4 1 1 0 1 0     
1371481|1351751 64  + Thaumatin  1 0 1 0 0 1 0 0 0 2 1 2 2 0 0     
1372485|1392241 38  + Cupin  2 2 2 3 3 3 1 1 4 5 11 7 3 1 0     
1407107|ExtPlus00415 60  + Pro-kumamolisin domain PF00933.20 1 1 5 6 5 6 6 9 22 11 3 1 3 7 6 (-1)   (-1) 
1415355|ExtPlusC390173 85  + Cupin  2 0 1 0 1 0 0 0 0 0 0 0 0 0 0     
1419907|ExtPlusC700108 49  + Protein of anchored membrane  2 2 2 3 2 3 2 2 7 5 3 3 1 2 3     
1422224|1pg3267 14  + Expansin PF09286.10 0 0 0 1 0 0 4 0 9 6 7 14 1 0 0 (-1) (-1) (-1) (-1) 
1425989|1pg276 58  + Pro-kumamolisin domain PF01055.25 1 0 0 3 1 0 1 4 7 1 0 0 3 0 0     
1430281|1kg240745372630 45  + Major royal jelly protein  0 0 3 3 2 2 3 6 12 0 4 6 0 2 1 (-1)    
1436512|1kg2761102310015 38  + Amidase PF01425.20 0 0 0 2 0 0 0 1 1 1 0 3 0 0 0     
1436765|1kg29337331928PRE 68   Amidase  0 0 0 0 0 1 0 0 0 2 3 2 1 0 0     
1437412|1kg33138127106138 60   Dehydrogenase PF02800.19 0 2 3 2 3 4 3 4 13 1 0 0 3 2 1     
1437735|1kg371247234677 91   Dehydrogenase PF00331.19 1 2 1 0 1 2 1 2 5 2 0 0 2 1 3    (+1) 
1438971|1kg496791418637 41   Phosphoglycerate mutase PF00295.16 2 1 0 0 1 0 0 1 2 6 13 9 2 2 0     
1444114|1pm1324 41   Subtilisin-like protein  2 1 2 3 0 1 1 1 2 4 4 1 1 1 1     
1444594|1pm1653 87  + Ribonuclease PF00704.2 0 0 0 1 1 1 0 1 2 4 0 0 0 0 0 (-1) (-1)  (-1) 
1446545|1pm3845 99  + Subtilisin-like protein  3 0 1 1 1 1 0 0 0 10 20 12 2 2 1     
1457071|ExpgC60211 68  + Ribonuclease PF02128.14 1 2 2 0 3 0 1 1 5 1 1 0 1 1 1    (-1) 
1469417|1692 29   Phosphoglycerate mutase PF00734.17 0 1 0 0 1 1 3 0 4 0 0 0 1 1 1  (-1) (-1) (-1) 
1480250|1C470082 34  + Protein of anchored membrane  1 3 3 2 1 0 0 0 0 0 0 0 1 1 0     
1480292|1C480037 35  + Trehalase PF01204.17 1 0 0 1 2 1 0 1 2 2 1 1 1 1 1     
378107|CE37810645342 37   Lactonase  0 1 0 0 2 0 2 0 7 2 4 5 1 0 0  (+1) (+1)  
672392|CE67239165635 39  + Subtilisin-like protein PF00295.16 0 1 2 3 1 3 5 4 10 7 6 5 5 3 4     




924573|CE92457211910 41  + Traumatin PF00314.16 0 2 0 1 0 1 0 1 1 1 0 0 1 0 0 (-1)   (-1) 
1373530|1441361 44  + Catalase  0 0 0 3 1 1 0 0 0 0 0 0 0 1 1 (-1) (-1)   













1366139|1161511 56 AA1_1/CBM1 + Laccase PF01822.18 0 1 1 0 4 1 3 2 11 0 1 0 1 2 3     
1452465|C230019 56 AA1_1 + Laccase PF00135.27 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0  (+1)  (+1) 
1477425|80057 57 AA1_1 + Laccase  5 1 2 4 1 1 1 7 11 2 1 1 1 0 0     
1432108|1kg739157210441 65 AA3_2/CBM1 + Glucose 1-oxidase PF05577.11 0 0 1 2 2 3 1 0 1 0 0 0 0 2 0  (-1)   
1465734|1324 65 AA3_2/CBM43 + Glucose 1-oxidase PF00450.21 1 1 2 1 0 0 2 1 3 0 0 0 1 2 0     
1440372|1kg694635343897 73 AA3_4  Pyranose 2- oxidase PF09286.10 0 0 0 0 1 1 0 0 3 2 4 3 0 0 0     
1471985|1949 107 AA3_4/CBM1  Pyranose 2- oxidase PF00734.17 0 0 0 2 3 1 1 1 2 0 0 0 2 1 2   (+1)  
1367686|1211161 59 AA5 + Copper radical oxidase PF01263.19 0 2 1 1 0 0 4 2 9 7 7 6 2 0 2     
1357891|124911 82 AA5_1 + Glyoxal oxidase PF00026.22 16 28 18 28 13 13 17 12 35 1 0 0 9 7 10     
1480943|1C590019 82 AA5_1 + Glyoxal oxidase PF00686.18 1 0 2 0 0 0 0 0 0 0 0 0 0 0 1     
1401955|ExtPlusC20403 24 AA3_1 + Cellobiose dehydrogenase PF01915.21 8 8 9 7 6 3 4 0 5 1 3 1 7 13 9 (+1) (+1) (+1) (+1) 
1374028|147271 25 AA9 + Lytic polysaccharide monooxygenase PF00150.17 1 1 3 5 5 4 6 4 12 2 7 1 3 6 5     
1382161|ExtC3t20109 33 AA9/CBM1 + Lytic polysaccharide monooxygenases PF00326.20 2 2 1 3 1 0 1 1 4 1 0 0 1 0 0     
1417214|ExtPlusC500005 38 AA9 + Lytic polysaccharide monooxygenases PF00728.21 2 1 0 0 0 0 1 0 4 1 1 2 3 0 2 (+1) (+1)   
1399808|ExtC800011 66  + Galactose oxidase PF00149.27 0 0 1 0 2 1 0 0 0 0 0 0 0 0 0     
1468015|1552 28   Glutatione oxidoreductase PF01055.25 0 0 0 2 5 2 2 1 6 4 3 1 1 0 0     
















1418820|ExtPlusC610029 65 GH28 + Endo-polygalacturonase  3 2 2 2 5 4 3 1 4 0 0 0 0 2 3 (-1) (-1) (-1)  
1439310|1kg535818848712 99 GH28 + Exo-polygalacturonase PF01301.18 0 0 2 1 1 0 0 0 0 1 0 0 0 1 0     
688728|CE68872770587 107 GH28 + Endo-polygalacturonase PF00251.19 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0     
718112|CE71811150888 40 GH32 + β-fructosidase PF00264.19 0 0 0 3 0 0 0 0 0 1 13 1 2 1 4   (+1)  
1439531|1kg564516849750 41 GH35 + β- galactosidase PF16499.4 2 2 8 5 10 4 8 10 31 14 15 9 5 12 10     














s 1359658|141211 42 
 + Aspartyl protease PF00150.17 0 1 3 3 1 1 5 2 10 2 0 0 2 2 1 (-1)  (-1) (-1) 
1361674|172581 56   Serine carboxypeptidase PF07745.12 1 0 0 1 1 1 5 1 6 4 10 13 1 4 1     




1382005|ExtC30450 64   Protease  0 2 2 1 1 0 2 2 8 0 0 0 5 0 3     
1391002|ExtC230186 14  + Serine carboxypeptidase  0 4 4 3 2 4 3 7 15 9 4 8 2 1 4     
1423919|1pg1141 45  + Metalloendopeptidase PF14521.5 0 0 0 2 0 1 0 0 1 0 0 0 0 0 1 (-1)   (-1) 
1424636|1pg15113 58  + Metalloendopeptidase PF00840.19 1 1 2 3 3 2 1 0 1 0 0 0 2 0 1 (-1)   (-1) 
1430637|1kg326048452360 41  + Aspartyl protease PF00026.22 2 1 2 1 3 2 2 1 7 0 0 0 2 2 2     
1431197|1kg431552218986 65  + Aspartyl protease PF00450.21 2 0 3 2 0 4 0 9 12 4 3 3 4 4 4     
1431750|1kg66017759239 57  + Serine carboxypeptidase PF16499.4 2 2 1 0 1 2 1 4 5 1 3 2 1 2 2     
1432218|1kg714956430039 66  + Serine carboxypeptidase PF00150.17 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 (-1) (-1)  (-1) 
1432889|1kg92048477475 60   Peptidase  0 0 0 0 2 0 0 0 1 1 0 0 2 2 1 (-1)    
1433108|0112115714522 42  + Serine carboxypeptidase PF00026.22 1 0 1 3 3 2 0 1 1 0 0 0 0 2 0 (-1)    
1433632|298137100321 72  + Aspartyl protease  7 4 4 10 5 7 11 0 18 1 6 7 11 10 9   (+1)  
1435229|93838843407 59  + Metalloendopeptidase PF07971.11 6 6 7 8 8 6 6 22 29 9 3 6 5 7 11 (-1)  (-1) (-1) 
1435938|1kg237127935398 57  + Serine carboxypeptidase PF00450.21 0 0 0 0 0 0 1 0 5 0 0 0 0 0 0     
1435997|1kg241624762362 34  + Serine carboxypeptidase  5 4 3 5 5 6 3 5 9 9 4 5 2 2 2 (-1) (-1) (-1) (-1) 
1437289|1kg331518818724 35  + Alpha/beta Hydrolase  3 5 7 3 5 2 3 2 7 2 0 0 1 1 1     
1438060|1kg4047136912282 74  + Peptidase  5 2 1 6 6 5 5 6 14 5 6 12 4 9 8     
1441629|1pm228 43  + Protease PF03935.14 1 1 1 2 1 0 1 1 2 0 0 0 3 1 2     
1442243|1pm3317 44  + Protease  1 1 1 0 3 1 1 0 4 2 6 5 0 1 2     
1445359|1pm239 20  + Metalloprotease  3 2 4 10 25 25 23 4 78 31 46 33 10 6 8 (-1)    
1462150|ExpgC750005 42  + Metallopeptidase PF00704.27 3 2 2 1 3 2 2 0 7 4 6 2 1 2 1   (+1)  
1465736|1324 27  + Serine carboxypeptidase PF02278.17 3 2 0 1 1 0 0 4 5 2 1 0 1 1 2     
1470317|1782 30  + Aspartyl protease PF01183.19 2 0 1 1 5 1 4 0 9 2 1 0 3 3 7     














1507511|MIX2547610849166 48 GH15 + Glucoamilase PF00135.27 18 16 22 12 24 27 20 43 88 21 20 15 34 31 34 (-1) (-1) (-1)  
1 - Biological function according topGO software analysis; 
2 - JGI acession number of Pycnoporus coccineus ATCC 32258; 
3 - Molecular weight (kDa);  
4 - Classification of CAZymes according to dBcan (csbl.bmb.uga.edu/dbCAN); 




6 - Protein description according to CAZy database (www.cazy.org/) and BLASTp 
(https://www.ncbi.nlm.nih.gov/BLAST) softwares analysis, considering the values ≤40 identity 
≥40% and coverage ≥80%; 
7- Pfam number (https://pfam.xfam.org);  
8 - Spectrum counting of biological replicates; 
9 - Regulation of protein secretion on each substrate compared by t-test (p value≥0.05) and fold 
change by category against glucose data; statistics analysis was performed using Scaffold 4 
Software 
(+1) represent up regulated in relation to glucose and (-1) down regulated in relation to glucose  




3.3 Remarkable enzymes secreted by T. versicolor  
A total of 206 proteins were identified from 8,582 total spectra in the T. versicolor 
secretomes. Among them, 107 CAZymes (53%), 31 peptidases or proteases (15%), 5 oxidases 
(2%), 7 esterases (3%), 10 hypothetical proteins (5%), 3 phosphatases (1%) and 42 proteins 
were grouped as other enzymes (21%) (Figure 3A and Table 2). The class GH was 
predominant among the CAZymes comprising 34% (70 proteins), followed by AAs 




Figure 3. Overview of identified proteins in T. versicolor secretomes. General proteins and 
CAZymes classification (A) GHs representing more than 2 % of the total (B); AAs (C); CEs 
(D) and PLs (E). Venn diagrams grouping statistically significant proteins (F) and upregulated 
proteins (G) secreted in the different substrates.  
Differently from P. coccineus proteomics, the most represented family was GH3 
with 7 β-glucosidases (ACNOs 49760, 55635, 68557, 70471, 127171, 151588 and 170938). 
GH5 was the second more abundant family represented by 3 endo-β-1,4-glucanases (ACNO 




α-mannosidase (ACNO 33056) (Figure 3B and Table 2). Considering AAs, the results were 
also different from those of P. coccineus. The AA2 family was the most abundant represented 
by 11 members, corresponding to 6 manganese peroxidases (ACNOs 44897, 51375, 51442, 
51457, 130496 and 131080) and 5 lignin-modifying-peroxidases, with 1 member appended to 
a CBM20 (ACNOs 26239, 51451, 74595, 112835 and 51455, respectively). Members of AA9 
family was the second most abundant, represented by 5 enzymes (ACNOs 45192, 143379, 
147827, 162601 and 162729) (Figure 3C and Table 2). The CE and PL classes were 
represented by 1 CE1 acetyl xylan esterase (ACNO 161949), 1 CE15 4-O-methyl-glucuronoyl 
methylesterase (ACNO 112899), 1 CE16 acetylesterase (40812) and 3 PLs (ACNOs 111754 
PL8, 91869 PL24 and 138905 PL15), similarly to the observed for P. coccineus (Figure 3D 
and 3E). 
The AA3 GMC oxidoreductases were abundantly represented by 4 members, 2 
AA3_2 glucose 1-oxidase (ACNOs 1432108 and 1465734) and 2 AA3_4 pyranose 2-oxidases 
(ACNOs 1440372 and 1471985) (Figure 3C). CEs were represented by CE1 (ACNO 
1377173), CE15 (ACNO 1470260) and CE16 (ACNO 1373375) (Figure 3D). 
The mechanism of lignocellulose degradation and the differences in the enzymatic 
arsenal produced by T. versicolor became evident comparing the all secretomes secretion 
against the glucose secretome (Figure 2F and G). 78 enzymes presented statistical 
significative secretion, of which 8 were present in all the secretomes and 5 were up-regulated 
(Figure 2F and G). All the up-regulated enzymes were CAZymes, belonging to the families 
GH10 (two members ACNOs 48717 and 144893), GH5 (ACNO 33056), GH6 (ACNO 
63826) and AA9 (ACNO 162601) (Table 2). 
The highest number of statistically significant enzymes was observed in the SCB 
secretome comprising 16 exclusive hits (20% of the total) (Figure 3F), among of which 10 
enzymes were up-regulated, with 7 CAZymes (Figure 3G). The upregulated enzymes in SCB 
corresponded to 1 GH10 endo-β-xylanase (ACNO 33948), 1 GH27 α-galactosidase (ACNO 
159574), 1 GH28 endo-polygalacturonase (ACNO 131837), 1 GH115 α-glucuronidase 
appended to a CBM43, and 1 AA9 (ACNO 147827) (Table 2). In addition, the cultivation in 
SCS showed the second more abundant number of enzymes, and 7 enzymes were commonly 
secreted in SCB, with GH3 (β-glucosidase, ACNO 68557), GH5 (endo-1,4-β-glucanase 
1618233), GH28 endo-polygalacturonase (ACNO 171861), GH88 β-glucuronidase (ACNO 




3F and G and Table 2). Cultivation on Avicel® and Eucalyptus showed a fewer number of 











Table 2: Total of proteins identified and stattistically significant in the secretomes of Trametes versicolor in different carbon sources and pretreated biomass. 












































































































































49760 96 GH3 + β-glucosidase  PF01915.21 0 0 1 0 0 0 2 0 0 7 4 3 0 0 0         
55634 75 GH3 + β-glucosidase  PF00933.20 2 2 1 4 1 5 0 0 0 3 3 3 1 2 2     (-1) (-1) 
68557 85 GH3 + β-glucosidase  PF01915.21 3 4 12 8 5 5 2 0 5 0 0 0 3 7 11   (+1)   (+1) 
70471 87 GH3 + β-glucosidase  PF00933.20 0 0 0 1 2 0 1 0 0 0 0 0 1 1 1       (+1) 
127171 85 GH3   β-glucosidase  PF01915.21 0 0 2 0 0 0 3 0 1 7 8 5 0 0 0         
151588 77 GH3   β-glucosidase  PF01915.21 0 2 3 1 2 3 6 4 2 3 10 5 3 2 1         
170938 95 GH3 + β-glucosidase  PF01915.21 3 4 5 4 3 6 13 12 7 13 18 13 4 3 4 (-1) (-1)   (-1) 
147020 60 GH30_3 + Endo-1,6 β glucanase PF02055.15 0 0 1 1 1 2 2 1 1 2 1 0 3 1 2         
58033 107 GH31 + α-glucosidase PF01055.25 6 0 7 8 5 5 6 6 0 2 1 16 7 1 5         
110860 106 GH31 + α-glucosidase PF01055.25 8 5 13 10 9 13 10 13 10 8 8 15 16 9 3         
140830 99 GH31 + α-glucosidase PF01055.25 2 1 4 1 3 2 3 4 2 2 0 4 1 1 1         
59914 47 GH51 + Glycosil hidrolase family 51 PF06964.11 8 7 0 4 5 4 10 5 14 7 11 8 1 8 10   (-1)     
110790 47 GH7 + Cellobiohydrolase PF00840.19 6 23 22 39 44 35 16 19 31 5 3 1 31 54 44   (+1) (+1) (+1) 
112163 49 GH7 + Cellobiohydrolase   0 3 4 5 2 4 0 2 2 2 0 1 3 13 2         
124366 49 GH7 + Cellobiohydrolase PF00840.19 0 2 0 9 5 13 6 13 15 2 0 0 7 9 6   (+1) (+1) (+1) 
125941 49 GH7 + Celobiohydrolase   2 6 6 8 7 9 4 4 5 2 0 1 9 12 6   (+1) (+1) (+1) 
68341 49 GH72 + Cellobiohydrolase PF03198.13 5 2 3 1 2 2 4 5 2 3 5 3 1 0 1       (-1) 







161949 39 CE1 + Acetyl Xylan Esterase PF10503.8 0 0 0 1 1 3 0 0 0 0 0 0 1 4 3       (+1) 
41392 58 CE10   Carboxylesterase family PF00135.27 5 3 0 1 2 1 0 0 2 3 2 4 0 1 2       (-1) 
53846 58 CE10 + Carboxylesterase family PF00135.27 3 0 4 1 1 3 6 2 1 2 2 3 0 0 4         
68896 58 CE10 + Alpha-Beta-Hidrolase PF00135.27 0 0 0 0 0 0 0 0 0 2 2 0 0 0 0         




164970 58 CE10 + Carboxylesterase family PF00135.27 0 2 2 2 4 2 3 5 6 3 5 3 1 2 2       (-1) 
168678 58 CE10 + Carboxylesterase family PF00135.27 5 2 4 1 1 2 2 4 1 5 1 0 1 1 1         
174308 59 CE10 + Alpha/Beta-Hidrolase PF00135.27 3 6 1 1 1 0 1 0 1 2 2 4 1 1 1         
112899 40 CE15   4-O-methyl-glucuronoyl methylesterase   5 3 1 4 3 2 0 6 2 3 2 0 3 3 2         
40812 39 CE16 + Acetylesterase   2 2 0 0 1 2 0 1 1 0 0 0 0 2 2         


















33948 39 GH10 + Endo β-xilanase PF00331.19 0 0 0 1 2 1 0 0 1 0 0 0 0 0 2   (+1)     
38102 40 GH10 + Endo 1,4 β-xilanase PF00331.19 13 12 6 9 7 3 0 0 1 0 0 0 6 6 3 (+1) (+1)   (+1) 
48717 43 GH10 + Endo 1,4 β-xilanase PF00331.19 11 8 11 22 15 14 4 5 6 3 0 0 20 22 29 (+1) (+1) (+1) (+1) 
144893 43 GH10 + Endo 1,4 β-xilanase PF00331.19 27 40 52 58 43 31 18 9 15 5 1 3 81 56 48 (+1) (+1) (+1) (+1) 
154147 38 GH10 + Endo 1,4 β-xilanase PF00331.19 3 0 1 4 3 3 2 5 3 2 4 4 3 3 2         
49304 111 GH115/ CBM43 + α-Glucuronidase PF15979.4 0 0 0 1 1 1 2 2 0 0 0 0 0 0 2   (+1)     
50178 26 GH12 + Xyloglucan hydrolase PF01670.15 0 0 0 1 1 2 1 0 0 0 0 0 1 1 0   (+1)     
136117 27 GH12 + Xyloglucan hydrolase PF01670.15 2 0 1 0 0 1 4 1 1 0 0 0 0 2 3         
46975 34 GH131 + Endoglucanase   2 2 6 1 0 3 1 2 0 0 0 0 0 1 2         
62247 28 GH131/CBM5 + Endoglucanase   2 3 6 1 2 0 0 0 0 0 0 0 3 5 0 (+1)       
175614 35 GH131 + Glucanase   8 6 3 4 2 2 1 0 1 0 0 0 1 1 3 (+1) (+1)     
56779 27 GH135   α-1,4-galactosaminogalactan hydrolase PF12138.7 2 3 9 2 4 3 0 1 1 8 3 4 4 3 1         
54963 61 GH15 + Glucoamylase PF00723.20 2 1 3 1 1 1 4 0 5 3 1 0 0 0 1         
61724 105 GH2 + β- manosidase   0 1 0 1 0 2 2 2 0 0 0 0 0 0 0         
60477 48 GH27 + α- galactosidase PF16499.4 0 0 0 0 0 1 2 1 0 0 0 0 0 0 0         
159574 48 GH27 + α- galactosidase PF16499.4 2 1 0 5 5 5 1 9 6 3 0 0 4 4 4   (+1)     
141481 59 GH32 + β- fructofuranosidase  PF00251.19 6 3 3 4 3 5 2 4 0 0 0 0 1 3 4 (+1) (+1)   (+1) 
37024 110 GH35 + β-galactosidase PF01301.18 29 23 13 9 10 8 12 11 9 10 18 15 7 8 10         
75316 109 GH35 + β-galactosidase PF01301.18 5 2 2 2 1 1 6 5 2 5 4 1 0 2 2         
145953 47 GH43_24 + Endo-1,3-β-glucanase PF04616.13 0 0 0 1 0 1 2 0 1 0 0 0 0 1 2         
131501 35 GH47 + α-mannosidase PF01532.19 39 14 5 4 5 4 9 5 9 10 16 24 7 8 6   (-1)     
33056 60 GH5_5   α-mannosidase PF00150.17 3 5 5 5 5 4 3 5 6 2 0 0 3 5 2 (+1) (+1) (+1) (+1) 
150608 44 GH5_5 + Endo-β-1,4-glucanase PF00150.17 0 2 4 3 4 2 3 1 2 0 0 0 1 4 2   (+1) (+1) (+1) 




68212 38 GH5_7 + Endo-β-1,4-glucanase PF00150.17 0 0 2 1 2 1 1 0 1 0 0 0 0 1 2   (+1)     
161823 47 GH5_7 + Endo-β-1,4-mannosidase PF00150.17 5 4 0 4 5 4 1 1 1 2 0 1 4 3 3   (+1)   (+1) 
25402 49 GH5_9 + Endo-β-1,4-mannosidase PF00150.17 6 2 3 0 2 1 2 0 2 2 1 3 0 1 1         
143650 69 GH53/CBM1 + α-L-arabinofuranosidase PF07745.12 0 0 1 1 1 0 2 0 0 0 0 1 0 1 2         
34683 36 GH55 + Endo-β-1,4-galactanase PF12708.6 3 1 4 2 5 2 3 1 3 0 1 1 1 2 3         
120979 79 GH55   Glucanase PF12708.6 11 9 12 9 9 9 12 11 7 22 38 13 11 6 8         
63826 81 GH6 + Glucanase PF01341.16 13 10 13 26 12 11 10 7 7 3 0 0 23 25 15 (+1) (+1) (+1) (+1) 
55703 88 GH78 + Xyloglucanase   0 0 0 1 1 0 3 2 0 2 0 0 0 0 0         










29347 73   + Hypothetical   0 0 0 2 1 1 3 5 2 0 0 0 1 2 0     (+1)   
32323 74   + Hypothetical   5 4 1 1 2 1 0 1 1 3 3 3 1 1 1   (-1) (-1) (-1) 
48796 56   + Hypothetical   0 0 0 0 1 2 3 4 0 0 0 1 0 0 2         
62730 41   + Hypothetical   3 2 3 1 0 5 1 1 2 3 2 7 4 1 1         
75025 57   + Hypothetical   0 1 0 0 2 1 0 1 1 0 1 3 0 0 1         
154838 72   + Hypothetical   8 7 4 4 1 3 5 2 3 7 10 5 0 6 4   (-1)     
160067 75     Hypothetical   0 0 0 4 1 5 1 5 1 0 0 0 3 1 2       (+1) 






127790 14     Oxalate decarboxylase   0 0 0 0 0 0 0 2 0 0 0 0 0 0 0         
154946 40     Tap-like protein PF08386.9 0 1 1 0 0 2 0 0 0 0 0 0 1 0 0         
134721 34 GH16 + Laminarinase   6 4 4 4 3 6 8 4 10 3 4 8 3 6 6         
72257 56 GH18 + Chitinase PF00704.27 2 1 3 0 0 0 0 0 0 2 1 0 0 1 0         
73594 37 GH18 + Chitinase PF00704.27 0 0 3 0 0 1 2 1 0 0 0 0 1 2 0         
66957 52 GH30 + Glycosyl hydrolase Family 30 PF14587.5 0 2 1 1 0 1 7 0 9 3 0 0 1 1 2         
175557 82 GH37 + Trehalase PF01204.17 15 12 6 4 12 9 14 11 9 0 2 5 7 4 5     (+1)   
112178 83 GH74 + β-1,3-glucanosyltransglycosylase   5 1 2 5 4 5 5 5 2 2 0 0 7 6 5   (+1) (+1) (+1) 
57902 57 GH88 + β-Glucuronidase PF07470.12 0 1 1 2 2 2 3 0 0 0 1 0 1 2 2   (+1)   (+1) 
40820 44 GH92 + Glycosyl hydrolase Family 92 PF07971.11 6 5 2 1 0 1 1 1 3 5 7 7 1 0 2   (-1) (-1) (-1) 
43566 89 GH92 + Glucuronyl hydrolase Family 92 PF07971.11 2 1 1 1 1 1 2 1 0 2 0 1 1 1 1         
75494 91 GH92 + Glucuronyl hydrolase Family 92 PF07971.11 16 11 2 6 3 11 4 12 13 10 8 25 6 5 7         




138905 29 PL15   Polissaccharide lyase Family 15   0 0 1 0 2 1 2 0 1 0 0 0 0 1 2         
111754 83 PL8   Chondroitinase-AC   6 5 14 2 6 4 10 6 2 7 8 8 1 2 2   (-1)   (-1) 
68834 67   + Subtilisin-like protein  PF00732.18 0 0 0 0 1 0 2 0 0 0 0 0 0 0 0         
111924 69   + Subtilisin-like protein  PF00840.19 0 0 1 0 2 1 1 0 0 0 0 0 0 0 0         
113984 74     Alpha galactosidase A   0 0 0 1 0 1 0 1 0 0 0 0 0 2 0         
116333 64     Lysophpspholipase PF07971.11 0 0 0 1 0 1 1 0 1 0 0 0 0 0 2         
18717 38     Actin PF00022.18 0 0 0 0 1 1 0 0 3 2 0 0 0 0 0         
19288 58   + Fasciclin domain   0 0 0 0 1 2 1 1 0 0 0 0 1 0 1         
31157 33   + Neutral/alkaline non-lysosomal ceramidase, N-terminal   0 0 0 0 0 0 0 0 0 0 2 1 0 0 0         
35444 43   + Domain of unknown function (DUF5127) DUF5127 5 13 0 0 3 2 5 1 7 7 14 17 1 2 8   (-1)     
51358 13   + Tannase    0 0 0 0 0 0 0 0 0 0 2 1 0 0 0         
52130 65   + Thaumatin family PF00314.16 0 2 0 1 3 1 0 2 2 2 0 3 0 1 2         
52976 48     Major royal jelly protein PF06516.10 2 2 1 0 0 0 1 0 0 0 0 0 0 2 4 (+1)       
56791 41   + Ser-Thr-rich glycosyl-phosphatidyl-inositol-anchored membrane family PF10342.8 0 1 1 0 0 0 0 0 1 3 3 3 0 0 0 (-1) (-1) (-1) (-1) 
60715 67   + Cupin PF00190.21 3 2 3 0 0 1 0 0 0 0 0 0 0 0 0 (-1)       
63062 37   + Domain of unknown function (DUF1996) DUF1996 0 0 0 0 0 0 0 0 2 0 0 0 0 1 1         
66045 40     β 1,6 Glucan Synthase   2 3 1 1 2 1 3 0 2 2 0 1 1 2 1         
67924 49   + Oxalate decarboxylase PF00445.17 0 1 3 1 3 2 2 2 6 7 2 5 1 3 1         
68720 20     Anchored membrane family PF00328.21 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0         
69742 27   + Pro-kumamolisin, activation domain PF09286.10 8 3 1 4 1 6 3 0 7 3 8 4 3 3 2         
71601 45   + Gluconolactonase   0 1 0 2 3 1 0 0 2 3 5 3 1 1 2 (-1)     (-1) 
73474 52     Major royal jelly protein   10 2 3 0 1 1 2 4 3 5 4 7 1 1 3   (-1)   (-1) 
74763 79     Alpha/beta hydrolase fold   0 0 0 0 0 0 0 4 0 0 0 0 0 0 0         
113847 31   + Pro-kumamolisin, activation domain PF09286.10 0 2 1 1 1 2 1 0 1 3 1 0 0 0 0         
115397 35     Amidohydrolase family   0 0 0 0 0 0 0 2 0 0 0 0 0 0 0         
126658 50   + Tannase  PF07519.10 0 0 1 2 2 0 1 0 1 0 3 0 0 1 1         
126771 64   + Pro-kumamolisin, activation domain PF09286.10 2 0 0 0 2 2 1 2 0 0 0 0 1 2 1       (+1) 
127573 74     Glutaminase PF00484.18 0 0 0 1 1 0 0 4 0 0 0 0 3 0 2         
128509 37   + Cupin PF00190.21 24 10 21 9 2 6 8 1 9 20 14 36 10 7 5         




133329 77     Catalase PF00199.18 0 0 0 1 2 0 0 2 0 0 0 0 3 1 1         
138138 37     GDSL-like Lipase/Acylhydrolase family PF13472.5 6 7 4 0 1 3 2 1 1 0 4 3 1 4 2         
138540 38   + Glycoprotein   2 2 0 1 0 1 1 0 0 0 2 0 0 0 0         
141168 75     Subtilase family PF00082.21 0 3 2 1 0 3 0 4 2 0 3 3 1 1 1         
147597 42   + Putative ephrin-receptor like   0 0 0 0 0 0 0 0 0 3 1 0 0 0 0         
157325 43   + Arginase PF00491.20 0 0 0 1 0 0 0 5 0 0 0 0 0 0 0         
165641 34   + Survival protein SurE PF01975.16 5 1 1 1 1 1 1 1 0 2 1 4 0 3 1         
166188 58   + Pro-kumamolisin, activation domain PF09286.10 3 14 5 4 9 8 9 4 5 65 56 34 7 7 1 (-1) (-1) (-1) (-1) 
174508 67   + Pro-kumamolisin, activation domain PF09286.10 5 1 3 3 1 2 5 1 3 7 3 4 1 1 0       (-1) 
161547 58   + Amidase PF01425.20 2 1 1 1 2 2 2 0 1 0 1 3 1 1 1         
45289 92   + Alpha N- acetylglucosaminidase PF05089.11 0 0 0 1 1 1 2 0 0 0 0 0 0 0 0   (-1)     
56391 66     D-isomer specific 2-hydroxyacid dehydrogenase, NAD binding domain PF02826.18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2         
170137 64   + Lysophpspholipase PF01735.17 0 1 0 1 2 2 0 0 0 0 1 0 0 0 0   (+1)     













37188 56 AA1_1 + Laccase PF00394.21 2 0 9 3 4 4 6 2 0 5 3 5 0 1 2       (-1) 
68023 55 AA1_1 + Laccase PF00394.21 8 40 25 21 33 27 41 14 37 52 49 17 18 19 14         
138261 56 AA1_1 + Laccase PF00394.21 2 2 15 9 9 19 12 19 14 20 8 11 7 5 13         
146232 56 AA1_1 + Laccase PF00394.21 0 0 2 1 2 2 2 2 0 3 0 0 0 0 1         
26239 38 AA2 + Lignin-modifying peroxidases PF11895.7 0 2 1 1 5 2 4 2 2 7 4 3 0 1 1 (-1)     (-1) 
44897 38 AA2 + Manganese peroxidase PF11895.7 3 4 0 0 2 0 0 0 0 5 6 7 0 0 0   (-1) (-1) (-1) 
51375 38 AA2 + Manganese peroxidase PF11895.7 5 7 0 4 3 1 8 7 6 0 7 4 4 0 0         
51442 39 AA2   Manganese peroxidase PF11895.7 0 0 0 0 0 0 0 0 1 2 5 1 0 0 0         
51451 43 AA2 + Lignin-modifying peroxidases PF11895.7 0 0 0 0 0 0 0 1 0 2 2 1 0 0 0 (-1) (-1) (-1) (-1) 
51455 38 AA2/CBM20 + Lignin-modifying peroxidases PF11895.7 0 2 0 1 0 0 0 0 3 3 11 4 0 0 0         
51457 39 AA2   Manganese peroxidase PF11895.7 0 1 0 0 0 0 1 0 2 7 11 5 1 0 0         
74595 25 AA2 + Lignin-modifying peroxidases PF11895.7 0 3 1 1 2 1 0 0 0 3 4 3 1 0 0   (-1) (-1) (-1) 
112835 38 AA2 + Lignin-modifying peroxidases PF11895.7 0 3 0 0 0 2 0 0 2 3 3 4 0 0 0   (-1) (-1) (-1) 
130496 38 AA2 + Manganese Peroxidase PF11895.7 5 13 0 1 1 2 4 2 7 12 29 20 3 1 0   (-1) (-1) (-1) 
131080 38 AA2 + Manganese Peroxidase PF11895.7 5 10 0 1 1 2 4 2 7 8 13 16 3 1 0         




133945 64 AA3_2 + Aryl alcohol oxidase  PF00732.18 3 2 2 1 2 1 4 2 1 0 0 1 1 2 3 (+1)       
174721 69 AA3_4   Pyranose Oxidase   2 1 4 30 24 31 19 107 66 12 8 11 28 30 43 (-1) (+1)   (+1) 
61229 100 AA5   Copper radical oxidases PF01822.18 5 7 11 6 6 5 3 5 8 3 6 8 6 4 7         
116129 81 AA5_1 + Glyoxal oxidase PF07250.10 0 4 0 0 1 0 0 0 1 0 0 3 0 0 2         
118266 60 AA5_1 + Glyoxal oxidase PF07250.10 2 5 0 1 1 1 0 0 2 2 4 5 0 1 2         
130016 59 AA5_1 + Glyoxal oxidase PF07250.10 0 0 1 1 3 2 1 0 0 2 0 0 0 1 1         
157221 60 AA7 + Glucooligosaccharide oxidases PF01565.22 0 0 2 1 1 1 2 1 0 2 0 0 0 0 1         
173910 53 AA7 + Glucooligosaccharide oxidases PF01565.22 0 0 1 1 5 2 3 4 2 2 0 3 4 3 6         
174166 62 AA7   Glucooligosaccharide oxidases PF01565.22 0 2 4 2 3 1 4 1 1 5 3 3 0 0 0       (-1) 
73596 81 AA3_1 + Cellobiose dehydrogenase PF16010.4 2 2 9 8 5 6 7 4 1 0 0 0 7 7 4   (+1)   (+1) 
45192 24 AA9 +  Lytic polysaccharide monooxygenases PF03443.13 2 4 4 2 2 2 3 4 2 2 0 0 7 3 6     (+1) (+1) 
143379 25 AA9/CBM1 +  Lytic polysaccharide monooxygenases PF03443.13 0 0 2 1 2 3 3 4 2 0 0 0 0 1 2     (+1)   
147827 33 AA9/CBM1 +  Lytic polysaccharide monooxygenases PF03443.13 0 1 0 1 2 2 0 0 0 0 0 0 0 2 1   (+1)     
162601 33 AA9 +  Lytic polysaccharide monooxygenases PF03443.13 11 9 19 10 9 10 8 4 7 0 0 1 20 15 18 (+1) (+1) (+1) (+1) 
162729 26 AA9 +  Lytic polysaccharide monooxygenases PF03443.13 2 1 1 1 1 0 3 4 2 0 0 0 1 0 2 (+1)   (+1)   
28895 80   + Peroxidase PF00141.22 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0         
115295 40   + Multicopper oxidase   0 0 0 0 0 0 0 0 0 2 0 0 0 0 0         
130750 55   + Glyoxal oxidase N-terminus PF07250.10 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0         
22277 75     L-lysine 6-oxidase   0 0 0 0 0 0 0 1 1 0 0 0 0 0 0         
















52416 37 GH28 + Endo-polygalacturonase  PF00295.16 5 10 0 3 4 2 0 0 1 0 5 1 4 4 3         
74031 43 GH28 + Exo-polygalacturonase  PF00295.16 0 0 0 0 2 2 2 1 1 2 0 0 3 1 0         
131837 44 GH28 + Endo-polygalacturonase  PF00295.16 0 2 0 2 2 2 0 0 0 0 0 0 1 3 0   (+1)     
171861 38 GH28 + Endo-polygalacturonase  PF00295.16 0 0 0 1 1 2 3 0 3 0 0 0 1 2 1   (+1)   (+1) 
151427 71 GH78 + α-L-rhamnosidase   2 0 0 2 1 2 4 4 0 2 0 0 1 1 3         















69348 45   + Purine nucleoside permease PF00026.22 2 7 6 2 2 2 2 0 7 2 10 5 1 4 2         
36998 64   + Extracellular Metalloprotease PF03443.13 2 1 0 1 0 1 0 0 1 0 0 0 0 0 0         
133420 58   + Tripeptidyl-peptidase    2 0 1 0 0 2 0 1 0 0 0 0 0 1 0         




27303 37     Metalloendopeptidase PF00026.22 0 0 1 2 1 1 0 0 0 2 0 0 4 1 0         
27714 43   + Aldose 1-epimerase PF01263.19 10 6 18 14 8 7 3 1 1 2 0 0 13 8 5 (+1) (+1)   (+1) 
29080 72   + Peptidase   2 0 5 1 3 1 1 0 0 0 0 0 3 1 1         
30062 63     Tripeptidyl-peptidase  PF02800.19 0 0 0 0 1 1 1 2 0 0 0 0 0 0 1         
31361 45   + Aspartic peptidase PF00314.16 0 4 0 2 4 3 0 8 6 3 3 9 0 3 2         
32136 85   + Eukaryotic aspartyl protease PF00026.22 2 2 0 1 2 2 0 1 2 5 3 3 1 3 4         
36519 59   + Fungalysin metallopeptidase (M36) PF02128.14 6 3 3 1 1 2 2 0 6 0 6 0 1 2 5         
39578 64   + Peptidase family M28   2 1 5 1 1 2 0 1 1 3 5 1 0 1 2         
40186 22   + Eukaryotic aspartyl protease PF00026.22 3 7 0 3 2 2 0 0 0 5 3 3 6 5 1     (-1)   
42899 67   + Tripeptidyl-peptidase  PF13668.5 2 1 0 0 0 0 0 1 0 0 0 4 0 1 3         
43017 59   + Zinc-binding dehydrogenase PF00107.25 0 1 0 0 0 1 0 0 0 3 2 0 0 0 0         
50621 58   + Serine carboxypeptidase PF08450.11 0 2 1 0 0 0 2 1 0 3 2 3 0 0 0 (-1) (-1)   (-1) 
57337 44   + Serine carboxypeptidase PF00450.21 0 0 0 0 1 0 2 0 0 2 0 0 1 0 0         
69055 43   + Eukaryotic aspartyl protease PF00026.22 5 1 2 1 3 1 1 1 2 2 1 0 1 0 1         
110969 37   + Serine carboxypeptidase S28 PF05577.11 0 0 0 1 2 2 0 1 0 0 0 0 0 1 0   (+1)     
114132 44     Aspartyl Protease PF09286.10 2 3 2 0 0 0 2 0 1 15 5 4 3 3 0         
144202 43   + Aldose 1- epimerase PF00026.22 0 1 7 10 7 8 11 8 8 5 3 4 13 7 10   (+1) (+1) (+1) 
147958 106   + Peptidase   8 8 8 5 7 4 4 2 7 12 10 8 3 7 4   (-1) (-1) (-1) 
148659 42   + Serine carboxypeptidase PF00450.21 2 1 3 1 1 3 2 1 5 2 0 1 3 2 3         
158002 37   + Metalloendopeptidase PF14521.5 5 3 3 2 4 3 2 1 1 2 0 0 3 3 1 (+1) (+1)     
159926 56     Serine carboxypeptidase PF00450.21 2 2 3 1 5 2 5 7 0 2 5 3 1 2 3         
164045 38   + Metalloprotease PF02102.14 0 0 0 2 4 1 0 5 2 3 0 0 0 1 1         
169073 55   + Aspartyl Protease PF00026.22 3 0 2 1 1 1 0 0 0 0 2 0 0 1 0         
172472 74   + Peptidase   5 5 1 4 2 2 4 4 0 3 4 8 4 3 4         
175022 64   + Metallopeptidase PF02128.14 0 2 1 1 1 2 1 0 2 0 7 3 0 0 1         
175079 92   + Metallopeptidase PF02128.14 0 0 0 0 0 0 2 1 0 0 0 0 0 0 1         











39965 52     Endonuclease/Exonuclease/phosphatase family   5 2 2 0 2 2 2 4 3 2 2 3 3 1 3         
55174 65   + Phosphatase   0 0 0 1 0 0 0 0 0 0 0 0 0 1 2         

















30524 63 GH13_15 + α- amylase PF00686.18 10 2 3 9 9 4 5 4 7 3 3 5 9 9 7       (+1) 
28580 61 GH15 + Glucoamylase PF00723.20 3 1 3 0 2 0 2 2 1 0 0 3 0 0 1         
37357 61 GH15 + Glucoamylase PF00723.20 0 2 4 0 1 1 3 0 3 3 3 1 1 0 2   (-1)     
 1 - Biological function according topGO software analysis; 
2 - JGI acession number of Trametes versicolor v1.0; 
3 - Molecular weight (kDa);  
4 - Classification of CAZymes according to dBcan (csbl.bmb.uga.edu/dbCAN); 
5- Analysis of protein signal peptide according to Signal P (www.cbs.dtu.dk/services/SignalP);  
6 - Protein description according to CAZy database (www.cazy.org/) and BLASTp (https://www.ncbi.nlm.nih.gov/BLAST) softwares analysis, considering the values ≤40 identity ≥40% and coverage ≥80%; 
7- Pfam number (https://pfam.xfam.org);  
8 - Spectrum counting of biological replicates; 
9 - Regulation of protein secretion on each substrate compared by t-test (p value≥0.05) and fold change by category against glucose data; statistics analysis was performed using Scaffold 4 Software 
(+1) represent up regulated in relation to glucose and (-1) down regulated in relation to glucose  





3.4 P. coccineus and T. versicolor secretomes - activity on different substrates and 
application in sugarcane bagasse saccharification  
 In order to validate the proteomic data, enzymatic activities on different substrates 
were assessed in P. coccineus, T. versicolor and A. niger secretomes. P. coccineus showed 
activity in a narrower range of substrates compared to T. versicolor and analyzing A. niger 
(Figure 4). However, T. versicolor showed an overall lower activity levels in comparison to 
P. coccineus and analyzing A. niger. Distinctive differences could be attributed to P. 
coccineus secretome on Avicel® (Figure 4B) and T. versicolor secretome on SCB (Figure 
4C). P. coccineus exhibited activity on β-glucan in all secretomes, as well as activity on 
wheat arabinoxylan (Figure 4B). T. versicolor showed a higher performance on wheat 
arabinoxylan, and only amylase activity was detected in all secretomes (Figure 4C). 
Noticeable, beta-glucosidase activity was detected only in the secretomes showing the higher 
number of secreted enzymes such as P. coccineus on Avicel® and T. versicolor on SCB 
(Figure 4B and C). Based on the activity profiles, these secretomes were selected for 
supplementing a commercial enzymatic cocktail (Figure 5). 
To explore the potential of the repertoire of lignocellulose-degrading enzymes, 
saccharification assays were performed using the P. coccineus and T. versicolor secretomes as 
a supplementing agent in the degradation of SCB (Figure 5). Supplementation with T. 
versicolor secretome reached the highest glucan conversion at 48 h (~ 20%), which was 
higher than using only Celluclast® and Celluclast®+ BSA. The higher conversion of 
Celluclast® supplemented with same itself proportions showed highest glucan conversion at 
12 h. The supplementation using P. coccineus secretome achieved the lowest conversion, 
approximately 5% of conversion (Figure 5A). Regarding the results of xylan, the highest 
conversion of all assays was achieved at 12 h (20%) (Figure 5B). Equally the results of 
glucan, the standard showed the best saccharification performance (~ 55% of conversion).  
The highest conversion points had their sugars counted, showing that, for glucose and xylose, 
the assay using Celluclast® supplemented with itself had a higher sugar content (~ 5 g/L), 
whereas, for cellobiose, the assay contained only Celluclast®, i.e., without supplementation, 
resulted in greater accumulation of the same (~ 6 g/L). Emphasized that Celluclast® 
supplemented with T.versicolor secretome showed high level of glucose and cellobiose (~ 4 





Figure 4. Activity profiles of A. niger, P. coccineus and T. versicolor secretomes. Assays 
for A. niger (A), P. coccineus (B) and T. versicolor (C) secretomes were carried out at pH 5.5 




secretomes induced on glucose as reference (asterisks correspond to statistically different 
values; p value ≤0.05). Reducing sugars were measured using DNS. 
 
Figure 5. SCB saccharification using Celluclast® and P. coccineus and T. versicolor 
secretomes during 72 h. Results were expressed as glucan (A) and xylan (B) conversion (%). 
Assays were performed with only 5 FPU of Celluclast® or combined with 16 mg/g of BSA, P. 
coccineus Avicel® secretome, T. versciolor SCB secretome or Celluclast®. Statistics were 
performed by multiple tests (two-way ANOVA) using only the Celluclast® data (in green) as 




3.5 Exploring target LPMOs  
The proteomic analysis highlighted the presence of AA9 members, recently 
described as important enzymes in the degradation of lignocellulose via oxidative metabolism 
(JAGADEESWARAN et al., 2016). 8 LPMOs were identified in the different secretomes 
(Tables S1 and S2); 3 produced by P. coccineus (Figure 2C and Table 1) and 5 by T. 
versicolor (Figure 3C and Table 2). Data regarding protein properties such as 
physicochemical properties of the target enzymes were also analyzed using the prediction 
tools by SignalP, ExPASy- ProtParam, NetNGlyc 1.0 Server and NetOGlyc 4.0 are 
summarized in Table 3.  
Table 3. AA9 enzymes predicted in the P. coccineus and T. versicolor proteomics. 
Fungus ACNO 
MW 
(kDa)1 pI² N-glyc sites³ O-glyc sites⁴ 
P. coccineus 
1374028/ 
CBM1 23 5.7 1 3 
1417214 22 5.1 2 1 
1382161 23 5.8 1 3 
T. versicolor 
162601 23 6.3 1 4 
147827/ 
CBM1 30 5.1 1 15 
162729 22 5.1 2 2 
45192 23 5.4 1 1 
143379/ 
CBM1 30 4.5 1 16 
1- Molecular weight without signal P according to ExPASy - ProtParam tool 
(https://web.expasy.org/protparam); 
2- Isoeletric point according to ExPASy - ProtParam tool (https://web.expasy.org/protparam); 
3- N-Glycosylation was predicted by NetNGlyc 1.0 Server (www.cbs.dtu.dk/services/NetNGlyc); 
4-  O-Glycosylation was predicted by NetOGlyc 4.0 Server (www.cbs.dtu.dk/services/NetOGlyc). 
 
In addition, a phylogenetic tree was designed by the Clustal Omega and Itol using 
the sequence of model LPMOs as a reference, allowing the prediction of enzymes 
regioselectivity. Only one T. versicolor LPMO (ACNO 143379) was predicted as type 3 
capable of performing oxidation on carbon 1 and 4, whereas the ACNO 162728 and the P. 
coccineus ACNO 1417214 belongs to type 1 oxidizing only carbon 1. Finally, the P. 
coccineus ACNOs 1374028 and 1382161 and the T. versicolor ACNO 162601, 45192 and 






Figure 6. Phylogenetic tree of structurally P. coccineus and T. versicolor target LPMOs. 
Multiple sequence alignment (MSA) was generated by Clustal Omega using characterized 
AA9 LPMOs deposited in CAZy database, according to Kadowaki and colleagues, 2018 
(KADOWAKI et al., 2018) and the new target LPMOs raised by the proteomics. The 
phylogenetic tree was designed using the maximum likelihood method with Itol. The AA9 
model sequences belong to Neurospora crassa (NCU02916, 033284qi8, 02240,02916, 07898 
and 01050), Thermoascus aurantiascus (TaGh61A), Myceliophtora thermophila (MtPMO3), 
P. chysosporium (PcGH61D), L. similis (LsAA9), G. trabeum (GtLPMO9-B and 
GtLPMO9A-2), H .irregulare (HiLPMO9B), and the target LPMOs from P. coccineus 
(Pycco1417214, 1374028 and 1382161) and T. versicolor (Trave162729, 162601, 45192, 
147827 and 143379).  
 
4. Discussion  
 White rot fungi are considered forest dwelling mushrooms inhabiting forests and 
highly specialized in decomposition, converting organic matter into consumable carbon 
sources (MIYAUCHI et al., 2017). Basidiomycetes, mainly those from the Order 
Polyporales, are considered potential producers of plant cell wall degrading enzymes 




Domitus squalens, belonging to the Order Polyporales, present similar growth rates compared 
with T. versicolor, with fast growing on cellobiose and galactose, and lower growth on xylose 
and galacturonic acid (Figure 1D). Regarding P. coccineus growth (Figure 1C), the closely 
related P. cinnabarinus presents broader ability, growing on lactose, xylose, cellobiose, 
galacturonic acid and galactose. Thus, it was possible to assume that both white rot fungi can 
transport and metabolize a diversity of carbohydrates other than glucose (Figure 1). 
Correspondingly, the slowly glucose consumption could be intrinsically related to the growth 
rate (Figure 1E). 
Phylogenetic studies indicate that specific groups of enzymes to deconstruct the 
recalcitrant lignocellulose increased in white rot fungi such as GHs, CEs and PLs. Members 
of the oxidative system, such as CDH and LPMOs, are also commonly found (MIYAUCHI et 
al., 2017; OHM et al., 2014; RYTIOJA et al., 2014). The P. coccineus and T. versicolor 
proteomic data corroborated with these studies, identifying a variety of oxidative enzymes 
such as manganese peroxidase, laccases (families AA1 and AA2), CDH (sub-family AA3_1), 
as well as AA9 LPMOs (Figure 2C and Table 1 and Figure 3C and Table 2). PLs were also 
identified, however PL8 genes were observed only in the T. versicolor secretome, a 
characteristic of white rot genomes (Figure 3E and Table 2) (RYTIOJA et al., 2014). 
Regarding the presence of CBM domains, white rot fungi present on average twenty-four 
genes encoding CBMs such as CBM1 that binds crystalline cellulose. CBM1 may have the 
function to anchor enzymes on the cellulose surface. In addition, that presents genes encode 
CBM20 have more affinity for starch. Both CBMs were abundant in white rot secretomes 
(Tables S1 and S2). Many studies refer to the existence of a correlation in the secretion of 
CDH genes (AA3_1) and aldoses epimerases (MIYAUCHI et al., 2017; PRESLEY et al., 
2018) and a positive regulation of both enzymes was verified in the P. coccineus secretomes 
(Figure 2F and Table S1). Another characteristic reported to the Order Polyporales is the 
presence of GH7 and AA9 active on crystalline cellulose. They also hold a commonly 
observed set of enzymes active in hemicelluloses and abundance of enzymes active on 
acetylated xylooligosaccharides (CE16) and pectin (GH115 and GH28). A major noticeable 
difference was the number of oxidoreductases, especially the predicted number of genes 
encoding for AA2 and AA3 (MIYAUCHI et al., 2018) abundant in T. versicolor and P. 
coccineus, respectively. Regarding the AA9 LPMOs from P. coccineus and T. versicolor 
(Table 3 and Figure 6), the sequence-based analysis showed two types of LPMO 




activity of C4 (PAYNE et al., 2013) and similar results were reported by 
(JAGADEESWARAN et al., 2016) suggesting that their occurrence indicates their boosted 
effect on lignocellulose biomass degradation. 
Wood decay fungi are known for consolidated pretreatment and saccharification 
of wood (RYTIOJA et al., 2014). The sequential variation in enzyme secretion over the decay 
progression, make them promising platforms for lignocellulose conversion (MIYAUCHI et 
al., 2018; PRESLEY et al., 2018; ZHANG, JIWEI et al., 2016). Studies comprising high 
levels of enzymatic activity were detected after many days of cultivation (15 to 30) 
(MACHUCA; FERRAZ, 2001; MIYAUCHI et al., 2018). The lower activity of P. coccineus 
and T. versicolor (Figure 4) could be explained by the studies that detected some differences 
in the pattern of lignocellulose decay with longer biodegradation periods associated, mainly, 
to the higher production of oxidative enzymes, such as AA3 and AA1_1, and the lignin final 
loss (CAI et al., 2017; MASARIN et al., 2016; MIYAUCHI et al., 2018; SCOTT et al., 
2018).  
It was commonly observed in growth in complexes substrates the presence of 
dehydrogenases, oxidoreductases, esterases, peroxidases and the abundant secretion of GH18 
members (Tables 1 and 2). All these enzymes were abundant in white rot secretomes. Studies 
showed that different conditions and compositions of wood extractives might contribute to the 
variations on fungal detoxification responses, increased the secretion of these enzymes (ARFI 
et al., 2013; MIYAUCHI et al., 2017, 2018; SUZUKI et al., 2012).  
The saccharification potential of the obtained secretomes was tested by 
hydrolyzing SCB (Figure 5). The xylan conversion was achieved 60% (Figure 5A) while 
glucan conversion was only approximately 20% (Figure 5B). A recent study published by 
Silva and colleagues showed low pretreated sugarcane straw conversion (30%) using only 
Celluclast® with twice the enzyme load used in this study. The final quantified sugars also 
showed double the concentration in g/L. These results showed low conversion efficiency of 
Celluclast® without addition of commercial enzymes, besides the low accessibility to the 
biomass when subjected to pre-treatment with steam (SILVA et al., 2019). The higher activity 
on xylan, arabinoxylan and 4-nitrophenyl β-D-glucopyranoside also the absence of CMCase 
activity (Figure 4B and C) indicate a rich hemicellulolytic cocktail and explains the 
difference between the conversion yields. Moreover, previously studies using slurry biomass 
(whole slurry from biomass pretreatment) have already showed similar results with an 




glucan conversion yields (GURRAM et al., 2011; LIU; ZHU, 2010). It is known that whole 
slurry biomass contains solubilized hemicellulose, residual sugars and acid catalysts that 
remain in the cellulose-rich substrate, affecting the glucan hydrolysis (CHANDRA et al., 
2015; LARSEN et al., 2018). These factors may have contributed to the lower glucan 
conversion even using Celluclast® observed using whole SCB (Figure 5A).  
The glucan conversion increased applying the T. versicolor secretome at 48 h 
(Figure 5) what can be attributed to a higher presence of oxidative enzymes, mainly AA2 and 
AA1_1, which finalize lignin degradation. Laccases (AA1_1) are known to improve 
hydrolysis efficiency by removing phenolic compounds, catalyzing the oxidation and 
facilitating the subsequent hydrolysis (KAPOOR et al., 2015). Phenolic compounds, mainly 
methoxylated ones, are abundant as lignin structural units during plant biomass degradation 
(FROMMHAGEN et al., 2017). In LPMOs-mediated processes, these phenolics compounds 
control the formation of other redox-active compounds that have an enhanced reducing 
efficiency, enhancing the peroxide production which, in turn, increase the LPMOs activity as 
well (BRENELLI et al., 2018; FROMMHAGEN et al., 2017). Also, the oxidative mechanism 
and redox-active compounds potentiate the laccases as well (BRENELLI et al., 2018). The 
higher presence of AA9 in T. versicolor corroborates with the hypothesis described above 
(Figure 3C and Table 2). 
Observing the results of enzymatic saccharification (Figure 5), increased 
conversion in BSA-supplemented assays may be associated with unproductive binding, an 
important limiting condition that occurs in biomass with high amounts of lignin (SIQUEIRA 
et al., 2017). These results suggest that cellulose accessibility is also hampered by 
unproductive binding (ESTEY et al., 2006; SU; PELTON, 2006; WANG et al., 2013). BSA is 
known to decreases unproductive binding and increasing hydrolysis. Despite the conclusive 
results, the mechanism of action of BSA is still unclear (SIQUEIRA et al., 2017).  
The secretome of P. coccieneus in Avicel® using in the saccharification showed a 
large concentration of cellulases, mainly endoglucanases and CBHs (Table 1). Studies on 
enzymatic synergism show that cellulases and xylanases in high concentrations may 
contribute to reducing the release of glucose and xylose after 24 h of hydrolysis 
(GONÇALVES et al., 2015). Other studies associate soluble molecules, present in the 
hydrolysate, to increase viscosity. This viscosity, in turn, affects the way to cellulases interact 
with the substrate and create different interactions between them, leading to an increase in the 




water” (HSIEH et al., 2014). All these factors reduce enzymatic adsorption and glucose 
conversion (VICTORIA et al., 2017), which may explain the low conversion yield of the P. 
coccineus secretome (Figure 5). 
5. Conclusions 
The use of proteomic approaches allowed the identification of different proteins 
that play a role in degradation of different plant biomass. This work indicated that white rot 
basidiomycetes secreted enzymes necessary for degradation of all lignocellulosic components, 
highlighting the high secretion of GH3, GH18, AA1 and AA9. This study contributed to the 
understanding of lignocellulose decomposition and showed variations in the enzymatic 





Capítulo 4: Considerações finais 
 A secreção de proteínas é um dos mais importantes e complexos processos realizados 
pelos Eucariotos. Além disso, estudos sobre secretomas são atraentes pois contribuem para o 
entendimento do papel dos fungos como saprófitos na natureza e como maquinarias celulares 
capazes de secretar quantidades consideráveis de proteínas. Além de secretar proteínas, 
fungos também são naturalmente capazes de transformar biomassas sob condições de pH e 
temperaturas brandas sem qualquer tratamento químico ou físico prévios, devido aos seus 
mecanismos celulares singulares. Os fungos são considerados especialistas na utilização da 
biomassa vegetal como fonte de carbono por meio da produção e secreção de enzimas 
degradadoras da parede celular vegetal em açúcares metabolizáveis.  
O interesse por basidiomicetos deve-se ao sucesso obtido na colonização de 
diversos habitats ricos em materiais vegetais, florestas, terrenos agrícolas, assumindo assim o 
papel de maiores decompositores da natureza. Há várias espécies de basidiomicetos com 
conjuntos diferentes de enzimas ativas em carboidratos, as quais atendem aos estilos de vida 
como saprófito, simbionte, endófito, parasita e fitopatogênico. Em sua maioria, 
basidiomicetos são eficientes na degradação da biomassa e, portanto, essenciais para o ciclo 
do carbono na natureza. Sendo assim, o arsenal enzimático empregado por eles, teria 
potencial de aplicação em diversos processos industriais. Contudo, este potencial ainda é 
pouco explorado, devido ao metabolismo lento desses fungos. 
 Os resultados apresentados nessa dissertação evidenciam algumas diferenças 
entre os basidiomicetos de podridão branca e marrom quanto a degradação dos componentes 
da parede celular vegetal, incluindo a lignina (podridão branca) e a degradação completa de 
celulose e hemicelulose, acompanhada da modificação da lignina (podridão marrom). 
Claramente, as proteômicas em cultivo submerso apresentaram diferenças significativas 
quanto a secreção de enzimas em Eucalyptus. Isso pode ser associado com a menor liberação 
de compostos solúveis em meio aquoso por essa biomassa, após auto clavada, comparando-a 
com SCB e SCS nas mesmas condições. A secreção de proteínas por basidiomicetos de 
podridão branca foram mais abundantes e mostraram maior número de CAZymes, com 
divergentes classes e funções. Contudo, apesar das diferenças, pode-se notar algumas 
semelhanças entre os fungos, o que explicaria seus mecanismos e potenciais de degradação da 
biomassa lignocelulósica. Neste sentido, enzimas oxidativas, principalmente AA3 (GMC 
oxidoredutases) por exemplo, foram abundantes em L. sulphureus e P. coccineus enquanto T. 




mantiveram, já que T. versicolor teve secreção abundante de GH3, enquanto os outros dois 
fungos estudados apresentaram abundante de membros da família GH18 (exclusivamente 
chitinases). Em contrapartida, a ausência/menor presença de proteínas para CE e PL foram 
evidenciadas, sendo estas secretadas apenas pelos fungos de podridão branca. 
Através dos dados apresentados, observou-se também que todos os basidiomicetos 
apresentaram habilidade para crescer em diferentes mono e dissacarídeos, apesar da menor 
velocidade de crescimento por L. sulphureus. Os basidiomicetos de podridão branca também 
apresentaram atividade em maior variedade de substratos além de níveis maiores de 
atividades quando comparado com o fungo de podridão marrom, evidenciando novamente um 
secretoma mais diversificado e abundante. Analisando-se a suplementação enzimática na 
degradação de SCB, todos os basidiomicetos mostraram aumento na conversão de xilana e 
glicana, comparando com o coquetel comercial Celluclast® utilizado sem adição de outras 
enzimas comerciais ou da mesma carga dele mesmo. Analisando a conversão de glicana com 
a de xilana, a conversão de xilana foi maior, evidenciando novamente quantidades maiores de 
hemicelulases e mais rápida, indicando maior conversão nas primeiras 12 h. Vale ressaltar que 
a baixa porcentagem de hemicelulose e alta solubilidade da mesma, presente na biomassa 
estudada e, podem ter facilitado a rápida e atípica maior conversão de xilana do que glicana. 
Em contrapartida, a conversão de glicana foi maior somente após 24 h para L. sulphureus e 48 
h para os basidiomicetos de podridão branca. Dentre todos, o secretoma de T. versicolor foi 
aquele que mostrou maior eficiência em conversão de biomassa.  
Em suma, a investigação das CAZymes produzidas por basidiomicetos mostrou-se 
bastante promissora, pois evidenciou novos alvos para estudo de enzimas recentemente 
identificadas e que apresentam importante papel na desconstrução de biomassa 
lignocelulósica. Além disso, este trabalho agrega conhecimento tanto na área biológica desses 
fungos com papéis adversos e importantes na natureza como também no potencial uso para 
diferentes processos biotecnológicos atuais. Essas enzimas são de grande interesse para a 
biotecnologia, uma vez que os produtos da sua catálise podem ser utilizados como precursores 
em processos que geram a base biológica de produtos, por exemplo, combustíveis, papel, 





ADAV, Sunil S.; RAVINDRAN, Anita; SZE, Siu Kwan. Quantitative proteomic 
analysis of lignocellulolytic enzymes by Phanerochaete chrysosporium on different 
lignocellulosic biomass. Journal of Proteomics v. 75, n. 5, p. 1493–1504 , 2012.  
ARANTES, Valdeir et al. Lignocellulosic polysaccharides and lignin degradation 
by wood decay fungi: The relevance of nonenzymatic Fenton-based reactions. Journal of 
Industrial Microbiology and Biotechnology v. 38, n. 4, p. 541–555 , 2011.  
ARCHER, David B.; JEENES, David J.; MACKENZIE, Donald A. Strategies for 
improving heterologous protein production from filamentous fungi. Antonie van 
Leeuwenhoek v. 65, n. 3, p. 245–250 , 1994.  
ARFI, Yonathan; LEVASSEUR, Anthony; RECORD, Eric. Differential Gene 
Expression in Pycnoporus coccineus during Interspecific Mycelial Interactions with Different 
Competitors. Applied and Environmental Microbiology v. 79, n. 21, p. 6626–6636 , 2013. 
BENOIT, Isabelle; CULLETON, Helena; ZHOU, Miaomiao; DIFALCO, Marcos; 
AGUILAR-OSORIO, Guillermo; et al. Closely related fungi employ diverse enzymatic 
strategies to degrade plant biomass. Biotechnology for Biofuels v. 8, n. 1, p. 1–14 , 2015.  
BOZELL, Joseph J.; PETERSEN, Gene R. Technology development for the 
production of biobased products from biorefinery carbohydrates—the US Department of 
Energy’s “Top 10” revisited. Green Chemistry v. 12, n. 4, p. 539, 2010. 
BRENELLI, Lívia et al. Laccase-derived lignin compounds boost cellulose 
oxidative enzymes AA9. Biotechnology for Biofuels v. 11, n. 1, p. 1–12 , 2018. 
 CAI, Yingli et al. Comparative secretomic analysis of lignocellulose degradation 
by Lentinula edodes grown on microcrystalline cellulose, lignosulfonate and glucose. Journal 
of Proteomics v. 163, p. 92–101 , 2017.  
CAMASSOLA, Marli; DILLON, J.P. Aldo. Cellulase Determination: 
Modifications to Make the Filter Paper Assay Easy, Fast, Practical and Efficient. Journal of 
Analytical & Bioanalytical Techniques v. 01, n. S1, p. 10–13 , 2012.  
CANILHA, Larissa et al. Bioconversion of sugarcane biomass into ethanol: An 
overview about composition, pretreatment methods, detoxification of hydrolysates, enzymatic 
saccharification, and ethanol fermentation. Journal of Biomedicine and Biotechnology v. 
2012 , 2012.  
CANTAREL, Brandi I. et al. The Carbohydrate-Active EnZymes database 




p. D 233-238 , 2009.  
CARPITA, Nicholas C. Progress in the biological synthesis of the plant cell wall: 
New ideas for improving biomass for bioenergy. Current Opinion in Biotechnology v. 23, 
n. 3, p. 330–337 , 2012. 
 CHAMPREDA, Verawat et al. Designing cellulolytic enzyme systems for biore 
fi nery : From nature to application. Journal of Bioscience and Bioengineering v. xxx, n. 
xxx , 2019.  
CHANDRA, Richard P. et al. Enhancing Hemicellulose Recovery and the 
Enzymatic Hydrolysis of Cellulose by Adding Lignosulfonates during the Two-Stage Steam 
Pretreatment of Poplar. ACS Sustainable Chemistry and Engineering v. 3, n. 5, p. 986–991 
, 2015. 
CHEN, Chen et al. Regioselectivity of oxidation by a polysaccharide 
monooxygenase from Chaetomium thermophilum. Biotechnology for Biofuels v. 11, n. 1, p. 
1–16 , 2018.  
CHEN, Jinyin et al. Polysaccharide monooxygenase-catalyzed oxidation of 
cellulose to glucuronic acid-containing cello-oligosaccharides. Biotechnology for Biofuels v. 
12, n. 1, p. 42 , 2019.  
CHOI, Sol et al. Biorefineries for the production of top building block chemicals 
and their derivatives. Metabolic Engineering v. 28, p. 223–239 , 2015.  
CHYLENSKI, Piotr et al. Enzymatic degradation of sulfite-pulped softwoods and 
the role of LPMOs. Biotechnology for Biofuels v. 10, n. 1, p. 1–13 , 2017. 
COUTURIER, Marie et al. Enhanced degradation of softwood versus hardwood 
by the white-rot fungus Pycnoporus coccineus. Biotechnology for Biofuels v. 8, n. 1, p. 1–16 
, 2015. 
DE SOUZA, Angelica Cristina et al. Sugarcane bagasse hydrolysis using yeast 
cellulolytic enzymes. Journal of Microbiology and Biotechnology v. 23, n. 10, p. 1403–
1412 , 2013. 
DE SOUZA, Walter Rodrigo. Microbial degradation of lignocellulosic biomass. 
Sustainable Degradation of Lignocellulosic Biomass - Techniques, Applications and 
Commercialization p. 207–248 , 2013.  
ESTEY, T I A et al. BSA Degradation under Acidic Conditions : A Model for 
Protein Instability during Release from PLGA Delivery Systems. v. 95, n. 7, p. 1626–1639 , 
2006. 




Biotechnology for Biofuels v. 2, n. 1, p. 21 , 2009.  
FERNANDEZ-FUEYO, Elena et al. Correction for Fernandez-Fueyo et al., 
Comparative genomics of Ceriporiopsis subvermispora and Phanerochaete chrysosporium 
provide insight into selective ligninolysis. Proceedings of the National Academy of 
Sciences v. 109, n. 21, p. 8352–8352 , 2012.  
FILIATRAULT-CHASTEL, Camille et al. AA16, a new lytic polysaccharide 
monooxygenase family identified in fungal secretomes. Biotechnology for Biofuels v. 12, n. 
1, p. 1–15 , 2019. 
FRANDSEN, Kristian E.H. et al. The molecular basis of polysaccharide cleavage 
by lytic polysaccharide monooxygenases. Nature Chemical Biology v. 12, n. 4, p. 298–303 , 
2016. 
FROMMHAGEN, Matthias et al. Biotechnology for Biofuels Boosting LPMO ‑ 
driven lignocellulose degradation by polyphenol oxidase ‑ activated lignin building blocks. 
Biotechnology for Biofuels p. 1–16 , 2017. 
G. PONTECORVO, J.A. ROPER, L.M. CHEMMONS, K.D. MACDONALD, 
A.W.J. Bufton. The Genetics of Aspergillus nidulans. p. 1–11 , 1953. 
GILBERT, Harry J.; STÅLBRAND, Henrik; BRUMER, Harry. How the walls 
come crumbling down: recent structural biochemistry of plant polysaccharide degradation. 
Current Opinion in Plant Biology v. 11, n. 3, p. 338–348 , 2008.  
GONÇALVES, Geisa A.L. et al. Synergistic effect and application of xylanases 
as accessory enzymes to enhance the hydrolysis of pretreated bagasse. Enzyme and 
Microbial Technology v. 72, p. 16–24 , 2015.  
GURRAM, Raghu N et al. Bioresource Technology Removal of enzymatic and 
fermentation inhibitory compounds from biomass slurries for enhanced biorefinery process 
efficiencies. Bioresource Technology v. 102, n. 17, p. 7850–7859 , 2011.  
HIMMEL, M. E. et al. Biomass Recalcitrance: Engineering Plants and Enzymes 
for Biofuels Production. Science v. 315, n. 5813, p. 804–807 , 2007.  
HORI, Chiaki et al. Genomewide analysis of polysaccharides degrading enzymes 
in 11 white- and brown-rot Polyporales provides insight into mechanisms of wood decay. 
Mycologia v. 105, n. 6, p. 1412–1427 , 2013.  
HSIEH, Chia Wen C. et al. Cellulase inhibition by high concentrations of 
monosaccharides. Journal of Agricultural and Food Chemistry v. 62, n. 17, p. 3800–3805 , 
2014. 




hydrolytic potential of a “cellulase mixture” but is highly substrate specific. Biotechnology 
for Biofuels v. 6, n. 1, p. 112 , 2013.  
JAGADEESWARAN, Guru et al. A family of AA9 lytic polysaccharide 
monooxygenases in Aspergillus nidulans is differentially regulated by multiple substrates and 
at least one is active on cellulose and xyloglucan. Applied Microbiology and Biotechnology 
v. 100, n. 10, p. 4535–4547 , 2016.  
JAN LARSEN, Tommerup ( DK ) ; Niels; NIELSEN POULSEN, Vojens ( DK ) ; 
Martin; KELLEBJERG MOGENSEN, Fredericia ( DK ). METHODS OF PROCESSING 
LIGNOCELLULOSIC BIOMASS USING SINGLE - STAGE AUTOHYDROLYSIS 
PRETREATMENT AND ENZYMATIC HYDROLYSIS . [S.l: s.n.]. , 2018 
KADOWAKI, Marco A.S. et al. Functional characterization of a lytic 
polysaccharide monooxygenase from the thermophilic fungus Myceliophthora thermophila. 
PLoS ONE v. 13, n. 8, p. 1–16 , 2018.  
KÄLL, Lukas et al. Assigning significance to peptides identified by tandem mass 
spectrometry using decoy databases. Journal of Proteome Research v. 7, n. 1, p. 29–34 , 
2008.  
KAPOOR, Rajeev Kumar; RAJAN, Kalavathy; CARRIER, Danielle Julie. 
Applications of Trametes versicolor crude culture filtrates in detoxification of biomass 
pretreatment hydrolyzates. Bioresource Technology v. 189, p. 99–106 , 2015.  
KELLER, Andrew et al. Empirical Statistical Model To Estimate the Accuracy of 
Peptide Identifications Made by MS / MS and Database Search. Analytical chemistry v. 74, 
n. 20, p. 5383–5392 , 2002.  
KHAN, Saad Akhtar et al. Review Article. n. 1998, p. 5–9 , 2017.  
KIRK, Kent et al. Characteristics of Cotton Cellulose Depolymerized by a 
Brown-Rot Fungus, by Acid, or by Chemical Oxidants. Holzforschung v. 45, n. 4, p. 239–
244 , 1991.  
LAEMMLI, U K. Cleavage of Structura l Proteins during the Assembly of the 
Head of Bacteriop hage T4. v. 227, p. 680–685 , 1970. 
LEVASSEUR, Anthony et al. The genome of the white-rot fungus Pycnoporus 
cinnabarinus: A basidiomycete model with a versatile arsenal for lignocellulosic biomass 
breakdown. BMC Genomics v. 15, n. 1, p. 1–24 , 2014.  
LIU, Hao; ZHU, J Y. Bioresource Technology Eliminating inhibition of 
enzymatic hydrolysis by lignosulfonate in unwashed sulfite-pretreated aspen using metal salts 




LOOSE, Jennifer S.M. et al. Multipoint Precision Binding of Substrate Protects 
Lytic Polysaccharide Monooxygenases from Self-Destructive Off-Pathway Processes. 
Biochemistry v. 57, n. 28, p. 4114–4124 , 2018. 
LÓPEZ, Sara Casado et al. Induction of genes encoding plant cell wall-degrading 
carbohydrate-active enzymes by lignocellulose-derived monosaccharides and cellobiose in the 
white-rot fungus Dichomitus squalens. Applied and Environmental Microbiology v. 84, n. 
11, p. 1–11 , 2018. 
LUDWIG, Roland et al. Lignocellulose degradation: An overview of fungi and 
fungal enzymes involved in lignocellulose degradation. Engineering in Life Sciences v. 18, 
n. 11, p. 768–778 , 2018. 
MACHUCA, Angela; FERRAZ, André. Hydrolytic and oxidative enzymes 
produced by white- and brown-rot fungi during Eucalyptus grandis decay in solid medium. 
Enzyme and Microbial Technology v. 29, n. 6–7, p. 386–391 , 2001. 
MARTINEZ, Diego et al. Genome, transcriptome, and secretome analysis of 
wood decay fungus Postia placenta supports unique mechanisms of lignocellulose 
conversion. Proceedings of the National Academy of Sciences v. 106, n. 6, p. 1954–1959 , 
2009.  
MASARIN, Fernando et al. Manganese peroxidase and biomimetic systems 
applied to in vitro lignin degradation in Eucalyptus grandis milled wood and kraft pulps. 
Journal of Chemical Technology and Biotechnology v. 91, n. 5, p. 1422–1430 , 2016. 
MENON, Vishnu; RAO, Mala. Trends in bioconversion of lignocellulose: 
Biofuels, platform chemicals & biorefinery concept. Progress in Energy and Combustion 
Science v. 38, n. 4, p. 522–550 , 2012. 
MILLER, Gail Lorenz. Use of Dinitrosalicylic Acid Reagent for Determination of 
Reducing Sugar. Analytical Chemistry v. 31, n. 3, p. 426–428 , 1959.  
MIYAUCHI, Shingo et al. Integrative visual omics of the white-rot fungus 
Polyporus brumalis exposes the biotechnological potential of its oxidative enzymes for 
delignifying raw plant biomass. Biotechnology for Biofuels v. 11, n. 1, p. 1–14 , 2018.  
MIYAUCHI, Shingo et al. The integrative omics of white-rot fungus Pycnoporus 
coccineus reveals co-regulated CAZymes for orchestrated lignocellulose breakdown. PLoS 
ONE v. 12, n. 4, p. 1–17 , 2017.  
MONRROY, Mariel et al. Structural change in wood by brown rot fungi and 





NESVIZHSKII, Alexey I. et al. A statistical model for identifying proteins by 
tandem mass spectrometry. Analytical Chemistry v. 75, n. 17, p. 4646–4658 , 2003.  
NEVALAINEN, Helena; PETERSON, Robyn. Making recombinant proteins in 
filamentous fungi- Are we expecting too much? .Frontiers in Microbiology. [S.l: s.n.]. , 2014 
NIZAMI, A.S. et al. Waste Biorefineries: Enabling Circular Economies in 
Developing Countries. Bioresource Technology , 2017.  
OHM, Robin A. et al. Genomics of wood-degrading fungi. Fungal Genetics and 
Biology v. 72, p. 82–90 , 2014. 
 PALONEN, Hetti. Role of lignin in the enzymatic hydrolysis of lignocellulose. 
VTT Publications n. 520, p. 3–80 , 2004. 
PANDEY, Ashok et al. Biotechnological potential of agro-industrial residues. I: 
Sugarcane bagasse .Bioresource Technology. [S.l: s.n.]. , 2000. 
PAULY, Markus; KEEGSTRA, Kenneth. Cell-wall carbohydrates and their 
modification as a resource for biofuels. Plant Journal v. 54, n. 4, p. 559–568 , 2008. 
 PAYNE, Christina M. et al.  Crystal Structure and Computational 
Characterization of the Lytic Polysaccharide Monooxygenase GH61D from the 
Basidiomycota Fungus Phanerochaete chrysosporium . Journal of Biological Chemistry v. 
288, n. 18, p. 12828–12839 , 2013.  
PELLIS, Alessandro et al. The Closure of the Cycle: Enzymatic Synthesis and 
Functionalization of Bio-Based Polyesters. Trends in Biotechnology v. 34, n. 4, p. 316–328 , 
2016.  
PHITSUWAN, Paripok; SAKKA, Kazuo; RATANAKHANOKCHAI, Khanok. 
Improvement of lignocellulosic biomass in planta: A review of feedstocks, biomass 
recalcitrance, and strategic manipulation of ideal plants designed for ethanol production and 
processability. Biomass and Bioenergy v. 58, p. 390–405 , 2013.  
PRESLEY, Gerald N. et al. Coupling Secretomics with Enzyme Activities To 
Compare the Temporal Processes of Wood Metabolism among White and Brown Rot Fungi. 
Applied and Environmental Microbiology v. 84, n. 16, p. 1–12 , 2018. 
RAY, Anamika et al. Phanerochaete chrysosporium produces a diverse array of 
extracellular enzymes when grown on sorghum. Applied Microbiology and Biotechnology 
v. 93, n. 5, p. 2075–2089 , 2012.  
RILEY, Robert et al. Extensive sampling of basidiomycete genomes demonstrates 
inadequacy of the white-rot/brown-rot paradigm for wood decay fungi. Proceedings of the 




ROCHA, G. J.M. et al. Steam explosion pretreatment reproduction and alkaline 
delignification reactions performed on a pilot scale with sugarcane bagasse for bioethanol 
production. Industrial Crops and Products v. 35, n. 1, p. 274–279 , 2012.  
RUBIO, Marcelo Ventura et al. Mapping N-linked glycosylation of carbohydrate-
active enzymes in the secretome of Aspergillus nidulans grown on lignocellulose. 
Biotechnology for Biofuels v. 9, n. 1, p. 168 , 2016.  
RYTIOJA, Johanna et al. Plant-Polysaccharide-Degrading Enzymes from 
Basidiomycetes. Microbiology and Molecular Biology Reviews v. 78, n. 4, p. 614–649 , 
2014. 
SABBADIN, Federico et al. An ancient family of lytic polysaccharide 
monooxygenases with roles in arthropod development and biomass digestion. Nature 
Communications v. 9, n. 1 , 2018. 
SABURI, W. et al. Acidophilic β -Galactosidase from Aspergillus niger 
AHU7120 with Lactose Hydrolytic Activity Under Simulated Gastric Conditions. J. Appl. 
Glycosci. v. 61, p. 53–57 , 2014.  
SAHA, Badal C. Hemicellulose bioconversion. Journal of Industrial 
Microbiology and Biotechnology v. 30, n. 5, p. 279–291 , 2003. 
 SÁNCHEZ, Carmen. Lignocellulosic residues: Biodegradation and 
bioconversion by fungi. Biotechnology Advances v. 27, n. 2, p. 185–194 , 2009. 
SCHELLER, Henrik Vibe; ULVSKOV, Peter. Hemicelluloses. Annual Review 
of Plant Biology v. 61, n. 1, p. 263–289 , 2010.  
SCHELLER, Henrik V. Plant cell wall: Never too much acetate. Nature Plants v. 
3, n. 3, p. 17024 , 2017. 
 SCHNEIDER, Willian Daniel Hahn et al. Penicillium echinulatum secretome 
analysis reveals the fungi potential for degradation of lignocellulosic biomass. Biotechnology 
for Biofuels v. 9, n. 1, p. 1–26 , 2016.  
SCHWARZE, Francis W.M.R. Wood decay under the microscope. Fungal 
Biology Reviews v. 21, n. 4, p. 133–170 , 2007.  
SCOTT, Brian R. et al. Redox processes acidify and decarboxylate steam-
pretreated lignocellulosic biomass and are modulated by LPMO and catalase. Biotechnology 
for Biofuels v. 11, n. 1, p. 1–16 , 2018.  
SELIG, M; WEISS, N; JI, Y. Enzymatic Saccharification of Lignocellulosic 
Biomass Laboratory Analytical Procedure ( LAP ) Issue Date : 3 / 21 / 2008 Enzymatic 




National Renewable Energy Laboratory n. March , 2008. 
SHEVCHENKO, Andrej et al. Mass spectrometric sequencing of proteins from 
silver-stained polyacrylamide gels. Analytical Chemistry v. 68, n. 5, p. 850–858 , 1996.  
SILVA, S et al. Lignocellulolytic characterization and comparative secretome 
analysis of a Trichoderma erinaceum strain isolated from decaying sugarcane straw. v. 123, p. 
330–340 , 2019. 
SIQUEIRA, Germano et al. Limitation of cellulose accessibility and unproductive 
binding of cellulases by pretreated sugarcane bagasse lignin. Biotechnology for Biofuels v. 
10, n. 1, p. 1–12 , 2017. 
SLUITER, Amie et al. Determination of Structural Carbohydrates and Lignin in 
Biomass. Technical Report NREL/TP-510-42618 n. April 2008, p. 1–15 , 2011. 
 SOCCOL, Carlos Ricardo et al. Bioethanol from lignocelluloses: Status and 
perspectives in Brazil. Bioresource Technology v. 101, n. 13, p. 4820–4825 , 2010.  
SU, Shunxing; PELTON, Robert. Bovine Serum Albumin ( BSA ) as an adhesive 
for wet cellulose. p. 537–545 , 2006.  
SUZUKI, Hitoshi et al. Comparative genomics of the white-rot fungi, 
Phanerochaete carnosa and P. chrysosporium, to elucidate the genetic basis of the distinct 
wood types they colonize. BMC genomics v. 13, n. 1, p. 444 , 2012.  
TAHERZADEH, M. J. et al. Physiological effects of 5-hydroxymethylfurfural on 
Saccharomyces cerevisiae. Applied Microbiology and Biotechnology v. 53, n. 6, p. 701–708 
, 2000.  
TANDRUP, Tobias et al. Recent insights into lytic polysaccharide 
monooxygenases (LPMOs). Biochemical Society Transactions v. 46, n. 6, p. 1431–1447 , 
2018. 
TURKOGLU, Aziz et al. Antioxidant and antimicrobial activities of Laetiporus 
sulphureus (Bull.) Murrill. Food Chemistry v. 101, n. 1, p. 267–273 , 2006. 
TURNER, Pernilla; MAMO, Gashaw; KARLSSON, Eva Nordberg. Potential and 
utilization of thermophiles and thermostable enzymes in biorefining. Microbial Cell 
Factories v. 6, p. 1–23 , 2007.  
VALADARES, Fernanda et al. Biotechnology for Biofuels Exploring glycoside 
hydrolases and accessory proteins from wood decay fungi to enhance sugarcane bagasse 
saccharification. Biotechnology for Biofuels p. 1–12 , 2016.  
VICTORIA, Juliet; ODANETH, Annamma; LALI, Arvind. Importance of 




Biotechnology v. 47, n. 6, p. 547–553 , 2017. 
 WANG, Hui et al. Effect of Bovine Serum Albumin ( BSA ) on Enzymatic 
Cellulose Hydrolysis. p. 541–551 , 2013.  
WYMELENBERG, Amber Vanden et al. Comparative transcriptome and 
secretome analysis of wood decay fungi postia placenta and phanerochaete chrysosporium. 
Applied and Environmental Microbiology v. 76, n. 11, p. 3599–3610 , 2010. 
 YANG, Bin; WYMAN, Charles E. BSA Treatment to Enhance Enzymatic 
Hydrolysis of Cellulose in Lignin Containing Substrates. , 2006. 
YELLE, Daniel J. et al. Evidence for cleavage of lignin by a brown rot 
basidiomycete. Environmental Microbiology v. 10, n. 7, p. 1844–1849 , 2008. 
 ZHAI, Rui; HU, Jinguang; SADDLER, Jack N. Minimizing cellulase inhibition 
of whole slurry biomass hydrolysis through the addition of carbocation scavengers during 
acid-catalyzed pretreatment. Bioresource Technology v. 258, n. January, p. 12–17 , 2018.  
ZHANG, Jiwei et al. Localizing gene regulation reveals a staggered wood decay 
mechanism for the brown rot fungus Postia placenta. v. 113, n. 39, p. 10968–10973 , 2016. 
ZHANG, Mengmeng et al. Imaging and measuring single-molecule interaction between a 
carbohydrate-binding module and natural plant cell wall cellulose. Journal of Physical 
Chemistry B v. 116, n. 33, p. 9949–9956 , 2012.  
ZUBIETA, Mariane Paludetti et al. Protein profile in Aspergillus nidulans 
recombinant strains overproducing heterologous enzymes. Microbial Biotechnology v. 11, n. 

















Apêndices e Anexos 
 








2) Direitos autorais 
 
